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study (Saric et al. 1977) has reported neurotoxic effects of 

manganese at exposure levels that were between 3 00 and 5,000 

/xg Mn/m3. Another epidemiologic study (Nogawa et al. 1973), 

which focused on respiratory symptoms in children attending a 

school near a ferromanganese plant, has reported health 

effects at levels as low as 3 to 11 /xg Mn/m3. However, 

serious problems with the study (such as poor characteriza

tion of exposure, failure to blind observers and to randomize 

students, and a lack of control for the confounding factors) 

suggest that the results of the study are not reliable. All 

other studies have reported adverse effects at levels that 

are one to two orders of magnitude greater. 

A modeling study by Volkswagen (1984) for emissions of 

manganese suggests that the worst-case ambient concentration 

of manganese in an urban street canyon is likely to be less 

than 0.5 ^ig/m3 (the assumptions include 6.6 percent penetra

tion of the manganese technology into the vehicle fleet, 

emissions of 100 percent of the manganese added to the fuel 

in the emissions, high manganese consumption, and worst-case 

traffic conditions). HEI has independently verified the 

Volkswagen calculations. If an individual, such as a traffic 

policeman, worked outdoors all day in a street with the 

worst-case levels of manganese, his daily intake of manganese 

by inhalation from ambient sources would be 3.6 ^q. This is 

a very small amount compared to the daily dietary intake of 

manganese (3 to 4 mg/day), and is not expected to tax the 

body's homeostatic mechanisms that regulate manganese. 

On the basis of the information in the literature, and 

the exposure and dose of manganese estimated in this report 

and summarized above, it appears very unlikely that exposure 

to airborne manganese from mobile sources (worst-case level 

0.5 /xg/m3) would produce adverse neurologic effects. 
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Regarding respiratory effects, the difference between 

estimated exposure (worst-case level 0.5 /tg Mn/m3) and the 

lowest level at which health effects have been reported in 

the Nogawa et al. (1973) study (3 to 11 ng Mn/m3) is not very 

large. However, in view of the concerns regarding the Nogawa 

study, it appears unlikely that the increased ambient levels 

of manganese from trap-equipped diesel vehicles would produce 

adverse respiratory effects. 

Given the paucity of information at the anticipated low 

levels of manganese from its use in diesel-powered vehicles, 

if manganese were to be used as a fuel additive, it is very 

important that the emissions of manganese be characterized in 

terms of their physical form and chemical species, the 

assumptions made in estimating the emissions, exposure, and 

dose of manganese be substantiated, and the results of the 

Nogawa study be reviewed and evaluated in greater depth than 

attempted in this report. 

INTRODUCTION 

Combustion of diesel fuel results in the formation of 

fine carbonaceous particles, a number of organic compounds 

that can adsorb to the particles, and a number of gases. 

Because of concerns with the health effects of diesel emis

sions, the U.S. Environmental Protection Agency (EPA) has 

promulgated regulations that are aimed at reducing the emis

sion of particulate matter from diesel-powered vehicles. The 

EPA has also mandated that the emissions of nitrogen oxides 

from diesel-powered automobiles be reduced. However, because 

of the nature of the combustion process, technologies for 

reducing particulate emissions tend to increase emissions of 

oxides of nitrogen, and vice versa. The general approach 

adopted in the automobile industry to meet these regulations 

- 3 -



P.3 

is to reduce the generation of nitrogen oxides during combus

tion and to remove the particlulate matter from the exhaust 

stream. 

Some of most promising devices for removing the particu

late matter employ a filter to trap the particles; loaded 

traps are then regenerated by burning off (oxidizing) the 

accumulated particles. A number of different traps have been 

developed for filtering diesel exhaust; among these, the 

ceramic monolith trap appears to have the most useful charac

teristics. Several approaches have been used for 

regenerating the ceramic filters; the most promising among 

these appears to be the use of metallic fuel additives, such 

as organomanganese compounds. Such compounds reduce the 

combustion temperature of the particles trapped on the 

filter, so that they burn off at the temperature of the 

exhaust-. The use of such fuel additives is likely to 

increase the ambient levels of manganese (Mn), particularly 

in urban areas. 

This report focuses on health issues in the context of 

increased public exposure to manganese from diesel-fueled 

vehicles using a trap and manganese fuel additive to reduce 

particulate emissions. The objectives of this report are 

(1) to review information on the health effects associated 

with manganese, (2) to review information on the likely 

exposure to manganese from its intended use, and (3) to 

evaluate whether or not the increased ambient levels of 

manganese might be expected to produce adverse health 

effects. 

As far as the Health Effects Institute (HEI) has been 

able to determine, no automobile or engine manufacturer is 

planning to implement manganese-based technology to reduce 
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particulate emissions in the near future; an earlier attempt 

by Volkswagen in this direction has been abandoned. There

fore, at this time, HEI has not reviewed and analyzed the 

manganese issue as extensively and exhaustively as it did in 

the case of methanol and gasoline vapors. HEI efforts in 

this direction were hampered by the paucity of information on 

the nature of manganese products emitted from the tailpipes 

of vehicles using the manganese technology. If the use of 

manganese fuel additives in the United States becomes a 

reality, and if more information on manganese emissions 

becomes available, HEI will be ready to undertake a more 

comprehensive analysis of the information and, if necessary, 

undertake appropriate research. 

HEI Involvement 

In a letter to the Health Effects Institute (HEI), dated 

June 29, 1984, Volkswagen of America, Inc., reguested the HEI 

to undertake an evaluation of potential health issues related 

to emissions from diesel automobiles using manganese-

containing fuel additives for particle-trap regeneration 

(Attachment A). On October 7, 1985, the Health Effects 

Institute responded to the Volkswagen request in a letter 

(Attachment B). 

The HEI letter concluded: "The available data do not 

indicate that currently anticipated levels of manganese emis

sions from diesel automobiles using Lubrizol 8220 are associ

ated with increased public health risks." This conclusion 

was based on an analysis that followed the tenets for 

environmental health assessments. Thus, modeling data on 

projected scenarios of exposure to manganese emissions were 

evaluated together with the available data base on the health 

effects of manganese to determine whether exposures would 
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occur at or near hazardous levels. The discussion of health 

effects was based on both human epidemiologic and available 

toxicologic data. 

In May 1986, the EPA asked HEI to clarify and amplify 

certain specific findings of HEI's report. The EPA also 

suggested that HEI undertake a research program on the health 

effects of low levels of manganese. The general issues of 

HEI's role in assessing the health effects of unregulated 

pollutants were elaborated in a memorandum to the record from 

Gray, Grumbly, and Maxwell, dated August 11, 1986 (Attachment 

C). 

In the winter of 1986, HEI heard from Volkswagen that it 

was abandoning the use of manganese fuel additives and 

planned to switch to fuel additives containing other metals. 

In May 1987, the EPA reiterated its interest in receiving 

from HEI an evaluation of the health effects of manganese. 

This report has been prepared in response to that request. 

Prior to the technical summary, we briefly discuss the 

statutory and institutional frameworks for our response. 

Framework and Process 

The evaluation of health effects of manganese is 

relevant both to the compliance of automobile manufacturers 

with the Clean Air Act and to the chartered role of the 

Health Effects Institute. Section 202(a)(4) of the Act 

states that "no emission control device, system, or element 

of design shall be used in a new motor vehicle or new motor 

vehicle engine for purposes of complying with standards pres

cribed under this subsection if such device, system, or 

element of design will cause or contribute to an unreasonable 
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risk to public health, welfare, or safety in its operation or 

function." The manganese additive in question is a key 

ingredient in a new technology designed to lower diesel 

particulate emissions in compliance with federal and Cali

fornia state laws. As such, this technology is covered by 

Section 202(a)(4) of the Clean Air Act. 

The Health Effects Institute operates under the joint 

sponsorship of the EPA and the motor vehicle industry, and is 

structured to define, support, and review scientific research 

aimed at improving understanding of the possible health 

effects of mobile source emissions.. In a letter dated March 

20, 1984, to all motor vehicle and engine manufacturers, 

Joseph Cannon, the EPA Assistant Administrator for Air and 

Radiation, and Bernard Goldstein, the EPA Assistant 

Administrator for Research and Development, jointly reaf

firmed the Health Effects Institute as "the primary mechanism 

through which participating motor vehicle manufacturers 

discharge their health testing responsibilities under Section 

202(a)(4) of the Clean Air Act." They further urged "that 

unregulated emissions of potential importance be brought to 

the Health Effects Institute's attention in a timely manner." 

It is in the context of meeting its obligation to its 

sponsors, and its role in helping to implement Section 

202(a)(4) of the Clean Air Act, that the HEI has conducted an 

evaluation of the anticipated levels of ambient manganese 

from its use as a fuel additive, and of potential adverse 

health effects from such exposure. 
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BACKGROUND INFORMATION ON MANGANESE 

Ambient Levels of Manganese 

Manganese is the 12th most abundant element on earth and 

is found mainly in oxide or carbonate form as a natural 

constituent of soil and water. As such, manganese is a 

component of background aerosol that winds, waves, and other 

natural processes generate. 

Monitoring of ambient manganese in the United States 

started in 1953. As a general trend, manganese levels have 

decreased since that time and have remained relatively stable 

since 1972. Improved industrial control processes are 

believed to account for much of the decrease. Quarterly data 

collected by the National Air Surveillance Network show that 

between 1972 and 1982 in urban sites, the highest median 

level of manganese for any year was 0.034 /xg/m3 (1978), and 

the highest 95th percentile level was 0.12 /ig/m3 (1972); 

corresponding values for non-urban NASN sites are a median of 

0.009 Mg/m3 (1977) and 95th percentile of 0.030 /ig/m3 (1976, 

1977) (U.S. Environmental Protection Agency 1984). These 

data, though valuable, are regional and tend to obscure the 

higher local manganese levels that may result, for example, 

from industrial activity, quarrying processes, or farming. 

For example, near foundries, manganese levels can typically 

reach 0.3 /xg/m3, and near ferromanganese plants, they can 

exceed 1 /ig/1""3. EPA Storage and Retrieval of Aerometric Data 

(SAROAD) collected from 1980 to 1982 (Table 1) show that many 

areas experience peak 24-hour manganese levels in excess of 

0.1 /ig/m3, and that locations in Indiana, Maryland, and 

Pennsylvania registered mean 24-hour averages greater than 

0.1 /tg/m3. 
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The highest exposures to airborne manganese occur 

occupationally in mining operations, ore-processing plants, 

and ferromanganese plants (Table 2). The levels in these 

settings may be higher by a thousand times or more than the 

ambient urban levels discussed earlier. In recognition of 

the potential toxicity of manganese at these extreme occupa

tional levels, workplace standards have been set (Table 3) . 

At 3 00 /ig/™3 time-weighted average, the World Health Organi

zation has the most stringent standard. In interpreting the 

meaning of this level, it is important to bear in mind that a 

workplace standard applies to a workforce that is presumed 

healthy and more, resilient to environmental insults than the 

population at large. Workplace standards are not applicable 

to the general public and should not be construed as protec

tive of the public's health. 

Dietary Intake and Body Burden 

Manganese is classified as essential for normal physi

ologic functions, such as skeletal development and reproduc

tion. It is a necessary activator or cofactor of numerous 

enzymes and is especially concentrated in tissues rich in 

mitochondria. Average adult dietary intake of manganese is 

about 3 to 4 mg per day (usual range 2 to 9 mg/day) resulting 

in a.steady-state body burden of 12 to 20 mg for a 70 kg 

person (National Research Council 1973). This manganese is 

distributed throughout the body's tissues as shown in Table 

4. Manganese-deficient states have been described for 

several mammalian species. 

Manganese is found in a wide variety of foods (Table 5), 

and food accounts for at least 98 percent of an adult 

person's daily intake of manganese, with practically all the 

remainder in beverages. Inhalation, in all but the most 
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polluted occupational settings, contributes negligibly to the 

body burden of manganese. 

Despite the variability in the daily ingestion of 

nutrients, homeostatic mechanisms maintain tissue manganese 

concentrations at relatively stable levels. This control is 

exercised primarily by regulation of intestinal absorption 

and biliary excretion of manganese (Abrams et al. 1976; 

Klaasen 1974) . 

Under normal circumstances, humans absorb roughly 3 

percent of ingested manganese across the intestinal wall, 

with the rest passing into the feces (Mena et al. 1969); 

similar uptake has been reported in experiments on animals 

(Greenberg et al. 1943; Pollack et al. 1965). Once across 

the intestinal wall, manganese is cleared rapidly (within 

several minutes) from the bloodstream and distributes 

throughout the body, the largest fractions usually delivered 

to liver and kidney (Cotzias et al. 1968; Cahill et al. 

1980). Clearance of manganese from the body occurs in two 

phases: fast and slow. A study of humans injected 

intravenously with radioactive manganese chloride reports 

that approximately 70 percent of the injected activity was 

cleared in a slow phase with a half-time of 39 days; the fast 

component half-time was four days (Mahoney and Small 1968). 

Studies of mice have also shown two-phase clearance kinetics 

(Britton and Cotzias 1966). These phases may represent the 

dynamics of manganese utilization within tissues, but prob

ably also reflect the highly variable turnover of manganese 

among tissues. For example, turnover of manganese is consid

erably slower in the brain than in the liver (Cotzias et al. 

1968; Cahill et al. 1980; Rehnberg et al. 1980, 1981). 

Elimination of previously absorbed manganese is almost exclu

sively in the feces and is principally associated with 

biliary secretions (Klaasen 1974). 
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HEALTH EFFECTS OF MANGANESE 

B e i n g an e s s e n t i a l e l e m e n t , m a n g a n e s e e x h i b i t s t h e 

d e f i c i e n c y - s u f f i c i e n c y - t o x i c i t y s p e c t r u m ; t h e d i s c u s s i o n i n 

t h i s r e p o r t i s f o c u s e d on t h e t o x i c i t y end of t h i s s p e c t r u m . 

The a d v e r s e h e a l t h e f f e c t s of manganese h a v e b e e n r e v i e w e d by 

s e v e r a l a u t h o r s ( C o o p e r 1 9 8 1 ; F r a u n h o f e r - I n s t i t u t 1984) 

i n c l u d i n g an i n - d e p t h r e v i e w by t h e EPA ( U . S . E n v i r o n m e n t a l 

P r o t e c t i o n Agency 1984) . 

A d m i n i s t r a t i o n of manganese compounds by s u b c u t a n e o u s , 

i n t r a p e r i t o n e a l , o r i n t r a m u s c u l a r r o u t e s h a s i n d u c e d t u m o r s 

i n some a n i m a l s t u d i e s , b u t n o t i n o t h e r s ( r e v i e w e d i n U . S . 

E n v i r o n m e n t a l P r o t e c t i o n Agency 1 9 8 4 ) . T h e r e a r e no s t u d i e s 

w h i c h h a v e i n v e s t i g a t e d w h e t h e r i n h a l e d m a n g a n e s e i s 

c a r c i n o g e n i c i n l a b o r a t o r y a n i m a l s , a n d t h e r e i s n o 

e p i d e m i o l o g i c i n f o r m a t i o n t h a t s h e d s l i g h t o n t h e 

c a r c i n o g e n i c i t y of manganese i n humans. 

The a d v e r s e h e a l t h e f f e c t s o f g r e a t e s t c o n c e r n a r e 

n e u r o t o x i c and r e s p i r a t o r y , and t h e s e have b e e n r e p o r t e d o v e r 

t h e p a s t s e v e r a l d e c a d e s i n s t u d i e s of o c c u p a t i o n a l e x p o s u r e 

t o m a n g a n e s e . The v a s t m a j o r i t y o f a n i m a l w o r k h a s b e e n 

c o n d u c t e d w i t h o x i d e s of manganese (which a r e i n s o l u b l e ) , o r 

M n C l 2 ( s o l u b l e ) a d m i n i s t e r e d b y s u b c u t a n e o u s , 

i n t r a p e r i t o n e a l , o r i n t r a m u s c u l a r r o u t e s ; r e l a t i v e l y l i t t l e 

work h a s been done on t h e e f f e c t s of e x p o s u r e v i a t h e i n h a l a 

t i o n r o u t e . 

Mod i fy ing F a c t o r s 

B e f o r e d i s c u s s i n g t h e n e u r o t o x i c i t y o r p u l m o n a r y 

t o x i c i t y o f m a n g a n e s e , i t i s i m p o r t a n t t o d i s c u s s b r i e f l y 
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several factors that modify the uptake and subsequent 

disposition of manganese. These factors are divided into six 

categories: the first two concern the quantities of 

manganese in the exposure and already in the subject; the 

next two involve the state of the subject; and the final two 

focus on the chemical and physical aspects of exposure, 

particularly the route of exposure. Though identified sepa

rately, they are, by nature, interrelated. 

Dose administered: As the dose of manganese given 

orally (in oxide form) to laboratory animals increases, the 

percentage of absorption across the intestinal wall decreases 

(Cahill et al. 1980). Furthermore, as the dose of manganese 

given intraperitoneally or intravenously increases, the rate 

of biliary excretion also increases (Greenberg and Campbell 

1940; Klaasen 1974). Thus, as mentioned previously, 

controlled absorption and excretion function to stabilize the 

body burden of manganese in the face of varying dose. 

Preexisting Body Burden of Manganese: Experiments on 

animals and humans show that subjects with elevated dietary 

levels of manganese, or an occupational history of exposure 

to manganese, eliminate a radiolabeled intravenous or oral 

dose of manganese with shorter half-times than subjects with 

normal body burdens (Cotzias et al. 1968; Suzuki 1974; Abrams 

et al. 1976). Therefore, both incoming dose and existing 

body burden of manganese constitute important inputs to the 

mechanisms responsible for regulation of manganese levels in 

the body. 

Age of Subject: The barriers to manganese transport 

that operate in adult rats at the intestinal wall, and at the 

blood-brain and blood-testes interfaces, are not yet fully 

developed in preweanling subjects. Consequently, manganese 
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accumulates in brain, testes, and other tissues of very young 

rats fed manganese-rich diets to a greater extent than it 

accumulates in the tissues of older animals (Kostial et al. 

1978; Rehnberg et al. 1982). Homeostasis of manganese in the 

rat starts to become apparent during the third week of life, 

and over time, manganese levels return to normal (Cahill et 

al. 1980; Rehnberg et al. 1981). These findings suggest that 

human infants may accumulate manganese from dietary or other 

sources at rates higher than those observed for adults. 

Diet and Nutritional Status: The whole body retention 

of manganese given orally as chloride to adult rats is over 

100-fold higher when administered in a milk diet than when 

given in a standard diet (Kostial et al. 1978). Milk appar

ently stimulates manganese absorption and, in this regard, 

plays a "normal" role in its uptake during weaning. Another 

important factor that affects manganese uptake is iron 

deficiency. Interrelationships between this condition and 

manganese uptake are described in humans, but in more detail 

in laboratory animals (Pollack et al. 1965; Mahoney and Small 

1968; Mena et al. 1974; Rehnberg et al. 1982). Briefly, 

iron-deficient states lead to increased absorption and 

distribution of manganese, and this effect may be especially 

pronounced in very young animals. 

Manganese Species: Practically all experiments on 

manganese have employed either its oxide or its chloride 

form. Both forms are absorbed and distributed to the body's 

tissues but not necessarily in quantitatively equivalent 

manners. For example, in 8 to 12-day-old rats, the 

percentage of uptake of intubated Mn304 decreases dramati

cally with dose (down 17-fold when dose increases 50-fold) 

whereas the regulation of MnCl2 is relatively moderate (down 

by 25 percent when dose increases 20-fold) (Cahill et al. 
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1980) . Furthermore, the dispositions of the chloride and 

oxide forms differ following intratracheal administration, 

the chloride-associated manganese leaving the lung faster and 

appearing sooner in the feces (Drown et al. 1986). These 

differences are probably due, to a great extent, to the high 

aqueous solubility of manganese chloride and the relative 

insolubility of the oxide forms of manganese. One study 

shows that manganese oxides may partially solubilize within 

the acidic environment of lung macrophage phagosomes (Lund-

borg et al. 1984). 

Route of Exposure: The preponderance of knowledge 

concerning the pathways leading from manganese uptake to 

excretion is based largely on feeding studies and to a lesser 

extent on studies using parenteral routes of exposure with 

particularly little information available on the inhalation 

route. One might expect that, since parenteral routes escape 

the initial "checkpoint" at the intestinal epithelium and 

subsequent direct entry into the portal circulation, the 

percentage of absorption and distribution of manganese 

following intraperitoneal injection or inhalation exceeds 

that following oral ingestion; on the basis of a limited 

number of studies, this, in fact, appears to be plausible 

(Mouri 1973; Kostial et al. 1978; U.S. Environmental Protec

tion Agency 1984). 

In summary, the total body burden of manganese is 

maintained by the regulation of intestinal absorption and 

biliary excretion; this equilibrium is affected by factors 

such as age (the young accumulate more), diet and nutritional 

status (iron-deficient individuals are more vulnerable), the 

chemical form of manganese, and the route of exposure. 
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Fate of Inhaled Manganese 

The EPA's Health Assessment Document for Manganese 

states: "There are no quantitative data on absorption rates 

for inhaled manganese either in humans or in animals" (U.S. 

Environmental Protection Agency 1984). Up to that time, 

several inhalation studies using manganese aerosols had been 

performed on humans and animals, but had shed little light on 

subsequent disposition of the metal. In one study, humans 

exposed for 10 minutes to either chloride or oxide aerosols 

of radioactive manganese excreted between 40 and 70 percent 

of the activity within four days (Mena et al. 1969). Mice 

exposed to Mn 30 4 aerosol for two hours cleared over 80 

percent of the aerosol from the lung within a day, with 

increases of manganese in kidney and spleen noted by 48 hours 

(Adkins et al. 1980a). 

For manganese inhaled as an insoluble oxide, the rela

tive amounts of aerosol depositing in ciliated airways versus 

pulmonary regions will influence the characteristics of 

manganese clearance from the lung (Brain and Valberg 1979; 

Raabe 1982). Relatively "coarse" aerosols (3 to 5 /im) 

deposit primarily in the nose and upper airways and clear 

within a day directly to the gastrointestinal tract via the 

mucociliary lining; finer aerosols deposit in deeper lung 

regions—nonciliated bronchioles and alveoli—and are subject 

to slower clearance processes (weeks to years). A portion of 

the material deposited in the distal lung is sequestered into 

macrophages that eventually exit the lung on the mucociliary 

escalator; a fraction of macrophage-associated Mn oxides may 

also solubilize (Lundborg et al. 1984). The remainder stays 

associated with lung tissue or eventually enters the blood or 

lymph. The model of the Task Group on Lung Dynamics predicts 

that, for particles with long-term lung retention (weeks to 
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years), 5 to 20 percent of the material initially deposited 

in the pulmonary region will ultimately enter the circulation 

(in Stuart 1984). 

The fate of radiolabeled manganese in both oxide and 

chloride forms after intratracheal instillation in rats was 

followed in a study by Drown and coworkers (1986). 

Intratracheal instillation is a method that probably favors 

delivery of material to the lung's alveolar region, and thus 

optimizes particle entry into compartments with long-term 

retention (Brain et al. 1976). For manganese instilled as an 

oxide, roughly 50 percent cleared the lung by three days 

after instillation, 70 percent by seven days, and over 90 

percent by 14 days; after 14 days the lung burden of 

instilled manganese remained relatively constant. Consistent 

with its much higher aqueous solubility, manganese instilled 

as a chloride cleared from the lung four times as fast as the 

oxide in the first week, and from 14 days forward it remained 

in the lung at about the same concentration as manganese 

given as oxide. Accordingly, the radioactivity from 

manganese as chloride reached peripheral tissues more rapidly 

than from manganese as.oxide. Despite apparently different 

kinetics of initial absorption, manganese instilled in 

soluble (chloride) and insoluble (oxide) forms attained 

remarkably equivalent tissue-specific levels, suggesting 

that, for the conditions of the experiment, both forms of 

manganese were subject to quantitatively (if not qualita

tively) similar regulatory mechanisms. Half the manganese 

given as oxide was excreted in the feces in seven days and 

half given as chloride was excreted in three days. At two 

weeks 60 percent of the "oxide" and 70 percent of the 

"chloride" were excreted. By the fifth day, however, daily 

excretions of the two forms were equivalent, a trend that 

continued to 90 days, the final time point recorded. 
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Clearance r a t e s of' manganese from t i s s u e were c h a r a c t e r i s t i c 
of individual t i s s u e type; for example, clearance from brain 
was much slower than clearance from l i v e r or kidney. 

The experiments described together with the d iscuss ion 
of lung clearance ind ica te t h a t , within days to severa l weeks 
of e x p o s u r e , a s u b s t a n t i a l p o r t i o n ( a t l e a s t 60 t o 70 
percent) of manganese p a r t i c u l a t e en te r ing t he r e s p i r a t o r y 
t r a c t i s des t ined for c learance d i r e c t l y i n to t he g a s t r o i n 
t e s t i n a l t r a c t . Under normal c i rcumstances , 3 percen t of 
t h i s manganese i s absorbed across the i n t e s t i n a l wal l . The 
remainder undergoes p rocesses with longer t ime c o n s t a n t s , 
e i t h e r c l e a r i n g wi th in macrophages t o the g a s t r o i n t e s t i n a l 
t r a c t , e n t e r i n g t h e pulmonary c i r c u l a t i o n , o r remaining 
i nde f in i t e ly in lung t i s s u e . 

Neurotoxic Effects 

The neurotoxic e f fec t s of manganese have been described 
in o c c u p a t i o n a l l y exposed p o p u l a t i o n s . The n e u r o t o x i c 
e f fec t s may appear a f t e r a few months of manganese exposure, 
a l t h o u g h t h e y g e n e r a l l y r e q u i r e two t o t h r e e y e a r s of 
exposure . The e a r l y s t a g e s of manganese i n t o x i c a t i o n are 
accompanied by ano rex i a ( l o s s of a p p e t i t e ) , by a s t h e n i a 
( w e a k n e s s ) , and o c c a s i o n a l l y by p s y c h o t i c b e h a v i o r . 
Headaches and l e u k o p e n i a ( d e c r e a s e i n t h e number of 
leukocytes in the blood) may also be found. At l a t e r s t ages , 
s l u r r e d speech, s t o l i d mask- l ike appearance of t h e f ace , 
s p a s t i c g a i t - l i k e d isorder , tremor, lack of coordinat ion, and 
emot iona l d i s t u r b a n c e a r e a l s o found. The symptoms of 
manganism resemble t h o s e of Park inson d i s e a s e and o t h e r 
d i s eases involving the extrapyramidal motor system (a func
t i o n a l un i t of the cen t ra l nervous system t h a t i s involved in 
t h e c o n t r o l of c e r t a i n motor func t ions , such as p o s t u r e , 
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support, and locomotion). However, manganism can be 

distinguished from Parkinson disease in that the former 

affects mainly the striatum and pallidum while the latter 

affects the substantia nigra (Mena et al. 1967; Cooper 1984; 

U.S. Environmental Protection Agency 1984). 

Most reports from human clinical and epidemiologic 

studies suggest that the neurotoxic effects are not obvious 

until exposure exceeds 5 mg Mn/m3 (or 5,000 /ig Mn/m3). A few 

studies have reported neurologic effects of manganese at 

lower levels of exposure. In a recent cross-sectional 

epidemiologic study, composed of 141 manganese-exposed 

workers and 104 control workers, Roels et al. (1987a) studied 

numerous indicators of the workers' health. The investi

gators reported significant alterations in several 

psychomotor tests (visual reaction time, audio-verbal short-

term memory capacity, and hand tremor), and concluded that "a 

time-weighted average exposure to airborne manganese dust of 

about 1 mg/m3 (1,000 /ig/m3) or less for 20 years or less may 

present preclinical signs of intoxication." 

To date, Saric et al. (1977) have reported adverse 

neurologic effects at the lowest levels of exposure. They 

compared the neurologic symptoms among 3 69 workers from a 

ferroalloy plant (ambient concentration 0.3 to 20.4 mg 

Mn/m 3), 190 workers from an electrode plant (2 to 30 /ig 

Mn/m3), and 204 workers from an aluminum rolling mill (0.05 

to 0.07 ng Mn/m3), the last to serve as control subjects. 

The subjective symptoms reported by the workers, such as 

bad mood, sleepiness, irritability, tremor, and stiff and 

tired legs, were not very specific and were found in a rela

tively high percentage of workers in all groups including the 

control group from the aluminum rolling mill. The smokers 
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from the ferroalloy group appeared to report some of the 

subjective symptoms more often than the smokers from the 

other groups. 

An analysis of the neurologic signs among the workers 

showed that 17 percent of the workers in the ferroalloy plant 

had neurologic symptoms, as compared to 6 percent of the 

workers in the electrode plant and 0% of those in the 

aluminum plant. The most commonly observed neurologic sign 

was tremor at rest. The neurologic symptoms were not corre

lated with smoking. The workers from the ferroalloy plant 

were also subdivided into three groups according to the mean 

workplace manganese concentration. Although a statistically 

significant relationship between manganese concentration and 

neurologic signs was not found, the authors reported that 

"the number of neurological signs was ... rather numerous" in 

the least exposed group of workers (manganese concentrations 

between 0.301 and 4.933 mg/m3). It should also be noted that 

the authors did not report whether or not there was an asso

ciation between symptoms and the duration of exposure. 

Thus, the study by Saric et al. (1977) suggests an 

effect of manganese between 0.3 and 4.9 mg/m3. This study, 

however, suffers from several shortcomings. The most 

prevalent neurologic symptom, namely, tremor at rest, is not 

attributable solely to manganese. Possible confounding 

factors such as lead or other metals, or alcoholism, were not 

examined. In addition to manganese compounds, carbon 

monoxide, carbon dioxide, and coal dust were present in the 

factories. The study also suffers from other problems such 

as insufficient documentation of occupational histories and 

duration of exposure, and the methods applied for neurologic 

examination. There is also an unexplained inconsistency in 

the results: while the subjective symptoms appeared to be 
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correlated with a smoking habit, the neurologic signs were 

not. 

Animal studies shed little additional light on the 

subject. The rat and other rodents do not develop the full 

spectrum of symptoms of manganese toxicity and, therefore, 

are not appropriate for such studies. Primates develop the 

manifestations of extrapyramidal disease and can be used for 

experimental studies. However, the chronic neurotoxicology 

studies reported in the literature have been inconsistent in 

themselves, and it is not possible to obtain reliable dose-

response information from them (U.S. Environmental Protection 

Agency 1984). 

In conclusion, neurotoxic effects of manganese have been 

extensively documented in individuals exposed to high levels 

of manganese. The use of manganese as a fuel additive is 

expected to result in fairly low ambient levels of manganese. 

An epidemiologic study has reported neurotoxic effects of 

manganese at low levels (Saric et al. 1977). While serious 

concerns remain regarding the interpretation of this study, 

it suggests that the lowest level at which the neurotoxic 

effects of manganese are observed may be in the range of 0.3 

to 4.9 mg/m3. 

Pulmonary Toxicity 

The respiratory effects of manganese involve an 

inflammatory effect or pneumonitis, which may lead to 

diminished pulmonary function, bronchitis, and altered 

susceptibility to infection. The respiratory effects of 

manganese are considered to be the health effect of most 

concern because respiratory effects have been observed at 

levels lower than those reported for neurotoxicity. 
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Human Studies: The effects of manganese on the 

respiratory system have been extensively documented in 

occupationally exposed populations. Workers exposed to high 

levels of manganese (1 mg/m3 or greater) are at risk of 

developing pneumonia and chronic bronchitis. Effects of low 

levels of manganese (less than 0.4 mg/m3) are not as well 

characterized, but it appears that workers exposed to such 

levels may not be at increased risk of pulmonary symptoms. 

Unfortunately, most studies in the literature do not describe 

the exposure levels in sufficient detail or precision to be 

useful in establishing an exposure-response relationship. 

Populations living in the vicinity of manganese mines or 

factories have been studied to explore the health effects of 

exposure to lower levels of manganese. One such study has 

reported respiratory symptoms in children at very low levels 

of exposure. Nogawa et al. (1973) studied subjective symp

toms and pulmonary functions in a population of junior high 

school students in Kanazawa city in Japan. The source of 

manganese was a ferromanganese plant. A cohort of 1,258 

students classified as "exposed" attended a school 100 meters 

from the plant; 648 students in a school 7 km from the plant 

served as control subjects. Relative exposures of the two 

groups to manganese were determined by the amount of 

manganese in the dust fall at the two locations. Manganese 

concentrations were substantially higher around the plant 

than they were in the city; average levels around the plant 

were about 200 kg/km2/month as compared to 8 kg/km2/month or 

less in the city. The EPA estimated that the ambient levels 

of manganese in the vicinity of the Japanese plant were 

between 3 and 11 /ig/™3 (this was based on a comparison of the 

data from the Nogawa study with data from a ferromanganese 

plant in the Kanawah Valley in West Virginia) (U.S. Environ

mental Protection Agency 1984). 
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Participation of the students in the survey was nearly 

complete (98 percent). The authors concluded that students 

in the "polluted school" had a greater prevalence of sputum, 

nose, throat, and eye symptoms, and past history of 

pneumonia, than the students in the "control school." This 

observation was based on an analysis of subjective reporting 

of symptoms in the British Medical Research Council 'question

naire. There were no reports of chronic bronchitis in either 

school. Several indicators of ventilatory functions (the 

forced expiratory volume, the one-second capacity, the one-

second ratio, and the maximum expiratory flow) were lower in 

the students of the "polluted school" than in the students of 

the "control school.," Also the one-second ratio of the 

students from the "polluted school" was lower the longer the 

students had been living in the polluted area and the nearer 

their homes were to the plant. Furthermore, the decline in 

the one-second ratio was comparatively greater among the 

students who had been attending the "polluted school" for a 

longer period of time (the upper grades). This suggested 

that the students were influenced both by the school atmo

sphere and by their home atmosphere. On the basis of these 

findings, the authors reached the conclusion that increases 

in subjective symptoms and decrements in pulmonary function 

seen in the students of the "polluted school" were associated 

with emissions from the ferromanganese plant, and that these 

effects could be readily explained in terms of manganese 

dust. 

Several shortcomings in the Nogawa study cast serious 

doubts on the conclusions of the study. First, the 

reportedly greater prevalence of subjective symptoms among 

children at the polluted school is relatively modest; it is 

based on increased response to five questions out of more 

- 22 -



P.22 

than 40. Although the authors do not provide the details of 

the statistical methods they used, at p. less than 0.05, the 

response to two out of 4 0 questions will be expected to be 

greater based on chance alone. Second, Nogawa et al. state 

that the pulmonary function of the students was measured at 

the "polluted school" during July 13-17,1970, and at the 

"control school" during July 22-24, 1970. Thus, it appears 

that the students were not randomized for testing', and the 

individuals performing the pulmonary function tests were not 

blinded with respect to the students' school and, therefore, 

to the exposure group. In addition, there is no indication 

in the report whether or not the pulmonary function measure

ments were adjusted for sex, age, height, and weight of the 

children. Because of both of these problems, the pulmonary 

function observations as reported in the Nogawa study may be 

biased seriously. 

A third problem with the Nogawa study is that the 

exposure levels in the study were very poorly defined. Total 

dust fall is a poor measure of individual exposure; the 

investigators also did not comment on the size of the dust 

particles. It should also be noted that the accuracy of the 

EPA's calculations regarding the manganese levels in the 

Nogawa study have not been validated. Finally, the authors 

did not take into account several factors that are known to 

affect the health status of children; for example, parental 

smoking, socioeconomic status, and exposure to other 

pollutants emitted from the plant. The failure to take such 

confounding factors into account may have also affected the 

outcome of the study. 

The Nogawa study was performed in 1970. Subsequently, 

dust collectors were installed in the factory, which led to a 

dramatic decline in the emissions of manganese (the actual 
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levels of manganese are not reported) (Kagamimori et al. 

1973). In a follow-up study, Kagamimori et al. (1973) 

studied the prevalence of subjective symptoms and ventilatory 

functions in the same schools and in many of the same chil

dren. Both the subjective symptoms and the ventilatory func

tion of the students of the school in the vicinity of the 

plant were reported to have improved in comparison to those 

of students of the "control school," and in comparison to 

results obtained in the original survey. The improvements 

were less marked among students of higher grades, who had 

also shown a greater effect on the ventilatory function 

during the original study. 

The Kagamimori study suffered from.most of the same 

problems as the Nogawa study. The results of the Kagamimori 

study were seen by its authors as providing support for the 

validity of the Nogawa study. However, the problems with the 

design, analysis, and reporting of the Nogawa study, as well 

as the Kagamimori study, are serious, and therefore their 

conclusions are not reliable. Although we do not know 

whether or not there are any differences in the responsive

ness between children and adults, the Nogawa study stands 

alone in reporting respiratory health effects of manganese at 

levels as low as 3 to 11 /ig/m3; the results of all other 

studies, which have focused on adults, suggest pulmonary 

effects at or between one to two orders of magnitude greater 

exposure. 

Animal Studies: A number of animal studies have been 

performed to explore the respiratory toxicity of manganese. 

Exposure to high levels of manganese appears to produce an 

inflammatory response and decreases the number and phagocytic 

activity of alveolar macrophages. If exposure to manganese 

is performed in conjunction with bacterial challenge, an 
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enhancement in the susceptibility to bacterial infections is 

also observed; this is believed to be a consequence of the 

decrease in the number and activity of alveolar macrophages. 

Many of the early studies on respiratory effects of 

manganese used protocols in which the animals were exposed to 

high levels of manganese for short durations; such studies 

are not very helpful in understanding the effects of 

prolonged exposure at low levels. In several recent studies, 

animals have been exposed to relatively low levels of 

manganese (Table 6) . Suzuki et al. (1978) exposed Rhesus 

monkeys to 700 and 3,000 /xg/m3 of Mn02 dust for 22 hr/day, 

for 10 months, and reported that morphologic and inflammatory 

changes occurred earlier in animals exposed to higher levels 

of manganese. Adkins et al. (1980b) exposed CD mice for two 

hours to 220 to 2,650 /xg/m3 of Mn304 in conjunction with 

Streptococcus pvrogenes. They reported a dose-related enhan

cement in mortality; based on regression analysis, a 7.5 

percent increase in mortality was predicted, with 95 percent 

confidence, at 0.38 mg Mn/m3. 

Two other studies, which employed lower levels of 

manganese, reported negative results. Ulrich et al. 

(1979a,b,c) exposed SD rats and squirrel monkeys to Mn304 

particles at 0, 11.6, 112.5, and 1152 /ig/m3 for 24 hr/day for 

9 months, and reported no morphologic or functional changes. 

Coulston and Griffin (1976) exposed Rhesus monkeys to 100 

/ig/m3 of Mn304 for 24 hr/day, for 66 weeks, and reported no 

manganese-related effects. 

Other investigators have studied the cells isolated from 

lung lavage fluid from animals exposed to manganese 

compounds. Camner et al. (1985) exposed rabbits to r, 100 and 

3,900 /ig/m3 MnCl2 for 6 hr/day, 5 days/week, for 4 weeks, and 
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reported no effects on the number or phagocytic activity of 

alveolar macrophages; the only significant effect in this 

study was an increase in the diameter of alveolar macro

phages. In rabbits exposed under the same conditions, 

Bergham et al. (1987) reported no change in the levels of 

fibronectin or lysozymal activity in the lung lavage fluid. 

Thus, the animal literature on the effects of 'low-level 

exposure to manganese is not very extensive. It is clear 

that exposure to high levels of manganese produces an 

inflammatory response in the lung of laboratory animals, a 

decrease in the number and activity of alveolar macrophages, 

and an increase in the susceptibility to infections; however, 

these responses have not been unequivocally demonstrated at 

the low levels of exposure that are of interest in the 

context of this report. Although the available information 

does not allow us to draw a definite conclusion regarding the 

lowest observable adverse effect level, the animal studies 

have been used by the EPA to calculate the human equivalent 

exposure levels (HEEL) for studies indicating no observed 

effect levels (NOEL), and the lowest observed adverse effect 

level (LOAEL) (U.S. Environmental Protection Agency 1984). 

After applying a correction factor of 10 to account for 

potentially sensitive individuals, the EPA derived a HEEL of 

5 ua Mn/m3 based the NOEL reported in the rat, and 8.7 ug 

Mn/m3 based on the NOEL reported in the squirrel monkey 

(Ulrich et al. 1979a,b,c); the EPA also derived a HEEL of 

3 6.5 /xg Mn/m3 based on the LOAEL in the Rhesus monkey (Suzuki 

et al. 1978). 
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EXPOSURE TO MANGANESE 

Anticipated Exposure Levels of Manganese from Automotive 

Sources 

Without the use of manganese fuel additives, the contri

bution of motor vehicle emissions to ambient manganese levels 

is probably, very small. In the 1970s, a manganese-containing 

fuel additive, methylcyclopentadienyl manganese tricarbonyl 

(MMT) was included in the United States in some unleaded 

gasolines to improve octane ratings for a limited period of 

time. Consequently, some efforts were made to estimate and 

measure the increased manganese concentrations in air associ

ated with the additive's use. Ter Haar et al. (1975) 

estimated that the median urban increment would, be 0.05 /ig 

Mn/m3 if MMT was used in all vehicles and fuel concentrations 

of manganese were 0.125 g/gal. Pierson et al. (1978), with 

the use of aerosol sampling, determined manganese levels in 

the Allegheny and Tuscarora Tunnels of the Pennsylvania Turn

pike for several one-week intervals between 1975 and 1977. 

(In this period, the use of MMT was at its peak; however, in 

1978, the use of MMT as an additive to unleaded gasoline was 

terminated.) The highest average weekly level inside the 

tunnels was 0.13 /xg Mn/m3, and the average for the measure

ment periods was 0.11 /xg Mn/m3. The peak use of MMT during 

the study (1977) resulted in an average value of 16 mg 

manganese per gallon of gasoline in vehicles traveling 

through the tunnels; corresponding manganese-emission rates 

were 0.13 mg/mile. These data suggest that in locations with 

a heavy flow of traffic emitting MMT-derived manganese into a 

confined space, increased manganese levels at roadside may be 

discriminated from background levels. One of the important 

unknowns, and a possible confounding factor in roadside 

measurements, is the extent to which traffic resuspends road 
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dusts that contribute to the manganese content of the road

side aerosol. Since the use of MMT has been phased out in 

the United States, this report does not focus on manganese 

emissions from MMT added to fuel. 

The use of manganese fuel additives to reduce particu

late emissions has been contemplated in conjunction with 

ceramic particulate traps. Manganese is added to the fuel to 

act as a catalyst in order to burn off the particles that 

would accumulate on the trap, and thus regenerate the trap. 

Lubrizol 8220, a proprietary manganese fatty acid compound, 

is a likely fuel additive for such applications. 

The emission rates of manganese from vehicles so 

equipped are expected to be considerably higher than those 

associated with MMT use. For urban highway driving, 

Volkswagen estimated that emission rates would range from an 

expected value of 1.38 mg Mn/mile to a worst-case value of 4 

mg Mn/mile; for urban street driving, expected emissions will 

be 3.13 mg Mn/mile with a worst-case value of 10 mg Mn/mile 

(Volkswagen 1984; Wiedemann 1985). The worst-case estimates 

are based on the assumption that all of the manganese in the 

fuel stream is emitted, while the expected values reflect 

retention of a fraction of manganese in the engine and 

particulate filter (the latter is the more realistic case). 

Direct measurement of the emissions of manganese is not 

possible because the technology is not yet implemented in the 

active vehicle fleet. Therefore, we have to rely on modeling 

calculations to estimate the worst-case and the likely 

ambient levels of manganese. The data obtained from such 

modeling calculations are necessary and important for placing 

the health questions in perspective of expected human 

exposure, and they help anticipate whether situations may 
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arise in which manganese concentrations achieve levels that 

are associated with known health effects. 

Volkswagen (1984) used modeling techniques to project 

the emission rates into manganese concentrations at the side 

of freeways and within street canyons. Assuming 100 percent 

penetration of the trap into the automobile fleet, worst-case 

traffic conditions, a crossroad wind, manganese consumption 

of 4 mg/mile on highways and 10 mg/mile in street canyons, 

and using the EPA HIWAY-2 model, Volkswagen calculated the 

manganese concentrations indicated in Table 7. The Health 

Effects Institute has independently verified the results from 

the HIWAY-2 model. The results of HEI's analyses are in 

general agreement with Volkswagen's results except that, for 

highways, the most conservative values occur with the wind 

parallel to the roadway (Table 8) . With a parallel wind (5 

degrees to the roadway) Volkswagen's worst-case highway 

manganese level would be 3.60 /xg/m3 instead of 2.00 /xg/m3. 

These modeling exercises produce ceiling estimates based 

on hypothetical situations. These estimates serve a valuable 

purpose in that they provide a reference for applying correc

tion factors. Perhaps the most important correction factor 

is penetration of the trap and manganese technology in the 

diesel-vehicle fleet. The California Air Resources Board 

(1984) estimated that by 1990, between 2.6 percent and 6.6 

percent of the vehicle fleet will have particle traps (values 

derived from Table 1) . Using these values, one may adjust 

the worst-case street canyon value of 7.6 /xg Mn/m3 to between 

0.2 and 0.5 ug Mn/m3 for upper-bound emission rates of 10 mg 

Mn/mile, and between 0.06 and 0.16 /xg Mn/m3 for expected 

emission rates of 3.13 mg Mn/mile. Likewise, for highways 

with parallel winds, manganese values at roadsde will be 

between 0.09 and 0.24 /xg/m3 for upper-bound emission rates of 
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4 mg/mile, and between 0.03 and 0.08 /xg/m3 for expected emis

sion rates of 1.38 mg/mile. 

It seems highly unlikely, therefore, that under the 

conditions described, automobiles equipped with the proposed 

particle regenerator system will contribute more than 0.5 /xg 

Mn/m3 to ambient air. A number of factors, however, still 

require attention to provide a more complete picture of 

manganese emissions from these automobiles. At present there 

is very little information on the size distribution of 

manganese-containing particles in the exhaust or the species 

of manganese compounds that are emitted (see below). Also, 

the modeling performed to date does not consider the vehicle 

operation conditions such as acceleration and steady-state 

driving. If the properties of manganese emissions are 

similar to those of lead, then the percentage of manganese 

exhaust may vary with the vehicle's operating condition and 

will increase when vehicles accelerate from a stop or a low 

cruise (20 mph) to a much higher speed (60 mph). This occurs 

because particles can build up in the exhaust system during 

steady-state driving and are released during high-load 

accelerations. If this is the case, then the roadside levels 

of manganese at a section of road where vehicles accelerate 

may be higher than the above calculations indicate. 

Characteristics of the Manganese Emissions 

Lubrizol 8220 contains a manganese compound that is a 

carboxylate salt of naturally occurring fatty acids in a 

complex mixture of petroleum distillate hydrocarbons. The 

concentration of manganese in Lubrizol is 4.5 weight percent. 

The only information on the species of manganese- present 

in exhaust from vehicles equipped with a ceramic trap is from 
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a report by Fritsche (1986). In a study sponsored by 

Volkswagen, he analyzed the material collected on the ceramic 

trap and reported that manganese was present as Mn(II)-

Mn(III) oxides of composition similar to Mn3o4. It also 

appeared that only 1 percent of the manganese may be present 

in organic form. 

Fritsche was not able to analyze the material that comes 

out of the trap and becomes airborne because these samples 

were collected and supplied to him by Volkswagen on glass 

fiber filters, which interfered with the analysis. In addi

tion, the report does not detail the vehicles, fuel, or 

driving conditions under which the samples were collected; 

therefore, it is not possible to tell how representative the 

Volkswagen samples were. Finally, the report does not 

contain any information on the fraction of manganese in the 

fuel that is emitted from the tailpipe. 

Thus, very little is known about the physical and 

chemical characteristics of manganese emissions. Based on 

the Fritsche (1986) study, and information on MMT (Cooper 

1984), it appears likely that the manganese emissions would 

mostly be in the oxide form, and would be associated with 

fine particulate matter. 

Determination of the Inhaled Dose of Manganese 

Most investigators have relied on ambient air levels as 

an indicator of the inhaled dose of manganese. Efforts at 

determining personal exposure to manganese have proved very 

difficult. It is desirable to estimate both the recent 

exposure and the long-term exposure to manganese. Irrespec

tive of the route of exposure, fecal excretion is the domi

nant route of elimination of manganese. Although excretion 
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in urine is low, some authors have investigated the rela

tionship between urinary manganese and recent exposure. 

Blood manganese levels are thought to reflect cumulative 

exposure over long periods or the body burden. 

In a recent study, Roels et al. (1987b) studied 141 

workers from a plant producing manganese oxide and salt 

(median airborne manganese levels: 1 mg/m3, range 0.07 to 

8.61 mg/m3), and 104 workers from a chemical plant who served 

as the control group. The authors reported that on an indi

vidual basis, there was no relationship between manganese 

levels in the urine and the blood, and neither was correlated 

with the manganese levels in the air, or with the duration of 

exposure, for an individual. Therefore, the determination of 

personal dose, or the body burden, based on the levels of 

manganese in blood or urine does not appear to be feasible. 

On a group basis, however, urinary manganese was slightly, 

but not significantly, correlated with recent exposure, and 

blood manganese was correlated with integrated past exposure 

(Roels et al. 1987b). 

The Roels et al. studies (1987a,b) appear to have been 

well planned and carefully executed. Their results raise 

questions regarding the relevance of ambient levels of 

manganese to human dose and health effects. It should be 

pointed out that other studies attempting correlations 

between manganese levels in body fluids and exposure have 

given inconsistent results (discussed in Roels et al. 

1987a,b). More research is needed to establish the rela

tionships between ambient exposure, personal dose, and health 

effects of manganese. 
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DISCUS8I0N AND CONCLUSIONS 

In order to reduce particulate emissions from diesel-

fueled vehicles, the use of ceramic particulate traps, in 

conjunction with a manganese fuel additive, has been viewed 

as promising. This report has focused on the health effects 

of manganese and on the anticipated public exposure to 

manganese emissions. The preceding discussion provides the 

background for the following perspective on potential health 

risks from inhalation of manganese in automotive exhaust. 

Estimation of the Worst Case Inhaled Dose 

Maximum exposure to manganese-containing exhaust is 

likely to occur in heavily trafficked urban street canyons. 

Individuals such as traffic policemen, construction workers, 

and street vendors, who may work in a street canyon environ

ment, are likely to receive the greatest exposure to 

manganese exhaust. To estimate worst-case inhaled dose, we 

adopt the following assumptions: 

1. These individuals are exposed for eight hours each 

working day to worst-case manganese levels (0.5 /xg/m3). 

2. For the entire eight hours, they breathe at a rate of 15 

liters per minute, which for a 70 kg person, is roughly 

twice resting ventilation. 

3. All the inspired manganese aerosol deposits in the 

respiratory tract. 

4. Manganese is emitted from the tailpipe as an oxide. 

5. Airborne manganese from other sources is small compared 

to 0.5 /xg/m . 
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Based on these assumptions, a total of 3.6 /xg of 

manganese deposits in the respiratory tract each working day. 

At least 60 percent of the deposited manganese is swept 

within days to several weeks into the gastrointestinal tract, 

from which a negligible fraction, 3 percent, is absorbed into 

the blood—a total of 0.065 /xg. For the purpose of worst-

case considerations, assume all of the remainder, 1,4 /xg, is 

absorbed eventually through the lung and into the circula

tion. Thus, for each working day's worst-case manganese-

aerosol exposure of 3.6 /xg, roughly 1.5 /xg of manganese is 

absorbed over time into the circulation. Dietary intake of 

manganese, in most cases, ranges from 2 to 9 mg/day; with 3 

percent absorption, at least 60 /xg of manganese enters the 

portal blood daily. Therefore, under the worst-case assump

tions, the contribution of manganese from automobile exhaust 

is not anticipated to be greater than 2.5 percent of the 

dietary intake. This small contribution of manganese from 

mobile sources is not expected to tax the homeostatic mechan

isms that regulate the levels of manganese throughout the 

body's tissues. 

Two potential high-risk groups that were identified 

previously include iron-deficient individuals and the very 

young. These groups have been studied mostly in chronic 

animal experiments in which dietary manganese is increased by 

a factor of 7 or more above normal, or manganese.is intubated 

daily at even higher levels (Rehnberg et al. 1980; Laskey et 

al. 1982) . While the susceptibility of these groups may be 

observed in such studies, the actual doses inhaled from 

automobile-derived, airborne manganese will remain 

exceedingly small compared to the normal range of dietary 

intake. 
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Potential Health Effects 

Is exposure to the estimated worst-case ambient level of 
manganese, 0.5 /xg/m3, l ike ly to produce neurotoxic effects? 
High l eve l s of manganese produce a Parkinson-disease-l ike 
neuro logic d i s o r d e r . S tudies on neurotoxic e f f e c t s in 
app rop r i a t e animal models have been l imi ted and do not 
provide r e l i a b l e dose-response information. Most human 
studies suggest that neurotoxic effects occur after prolonged 
exposure to concentrations of manganese that are l mg/m3 or 
g r e a t e r . S a r i c e t a l . (1977) have r e p o r t e d adver se 
neurologic ef fects in workers exposed to 0.3 to 5 mg/m3. 
However, as discussed e a r l i e r , t h i s study su f fe r s from 
several deficiencies that make i t s interpretat ion d i f f i cu l t . 
In any event, the levels of manganese expected from mobile 
sources (0.5 /xg/m3) wi l l be very low as compared to the 
lowest level in the Saric study (300 /xg/m3) . Therefore, i t 
appears very unlikely that exposure to the levels of airborne 
manganese derived from automobile fuel additive as estimated 
in the i r report would produce adverse neurologic effects . 

Respiratory effects of manganese include b ronch i t i s , 
pneumoni t i s , and an i n c r e a s e in the s u s c e p t i b i l i t y to 
respiratory infections. Pulmonary effects of manganese have 
been observed at levels that are lower than those a t which 
neurotoxic effects have been reported. Based on the resu l t s 
of animal studies, the lowest, human-equivalent, no observed 
effect level , calculated by the U.S. Environmental Protection 
Agency (1984, p . 14) i s 5 /xg Mn/m3. Studies of occupa
t ional ly exposed workers show that adverse pulmonary effects 
of manganese follow exposure in the mg/m3 range. However, a 
s tudy by Nogawa e t a l . (1973) s u g g e s t s t h a t adve r se 
respiratory effects of manganese may be produced at levels as 
low as 3 to 11 /tg/m3. Nogawa et a l . (1973) based t h e i r 
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conclusion on a study of subjective symptoms and pulmonary 

function tests in children who attended a school near a 

ferromanganese plant. However, several serious problems with 

the Nogawa study (such as poor characterization of exposure, 

failure to blind observers and to randomize students, and a 

lack of control for the confounding factors) lead us to 

believe that its results are not reliable. The results of 

all other studies suggest that adverse respiratory effects 

are produced at exposure levels that are one or two orders of 

magnitude greater than the levels in the Nogawa study. 

The worst-case estimated level of manganese from its 

intended use in reducing particulate emissions is 0.5 /xg/m3. 

As compared to the no observed effect levels from animal 

studies (5 /xg Mn/m3 or higher), the estimated airborne 

manganese levels are lower. As compared to the levels at 

which adverse health effects have been observed in reliable 

epidemiologic studies, the manganese emissions from mobile 

sources are expected to be much lower. Therefore, it appears 

that the levels of airborne manganese derived from fuel addi

tives in trap-equipped diesel-powered automobiles are not 

likely to produce adverse respiratory effects in the general 

public. 

If the objections to the Nogawa study are ignored, and 

its results are taken prima facie, the difference between the 

lowest observed adverse effect level in the Nogawa study (3 

/xg Mn/m3), and the worst-case manganese level from trap-

equipped vehicles (0.5 /xg/m3) is not very large. The 

estimated worst-case manganese level is also only 10-fold 

lower than the no observed effects level calculated from 

animal studies. Therefore, if manganese were to be used as a 

fuel additive at some time in the future, it would be impor

tant to review the Nogawa study in greater depth than we have 
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done for this analysis. As discussed earlier, it would also 

be crucial that the emissions of manganese be characterized 

in terms of their physical form and chemical species. In 

addition, it would be important to make an intensive effort 

to ensure that the assumptions made in this report regarding 

the ambient levels of manganese, public exposure and dose of 

manganese, and disposition of the inhaled manganese are all 

valid. 

The EPA issued a decision on August 13, 1985 not to 

regulate manganese as a hazardous air pollutant under Section 

112 of the Clean Air Act (U.S. Environmental Protection 

Agency 1985). However, the EPA also intends to continue to 

monitor research activities, "and will reinstitute assessment 

if warranted by the results of that research." The Health 

Effects Institute endorses such flexibility and stands ready 

to reevaluate this issue as new relevant scientific and 

engineering data emerge or the use of the manganese tech

nology expands beyond currently anticipated levels. 
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Ancient 

State 

Alabama 

Ar izona 

Arkansas 

C a l i f o r n i a 

Colorado 

Connect icut 

Delaware 

DC 

F l o r i d a 

Ceorgia 

Manganese 

Number o f 
SamDies 

161 

30 

1211 
61 
38 

27 
27 

65 

97 

101 

78 

290 
79 

51 

57 

25 

21 

21 

no 

206 

19 
55 

TABLE 1 

Concent ra t ions by S t a t e from EPA's 

1980-1982 SAROAD Data (ug/m^) 
(21 hour averages) 
ranee 

0-0 .360 

0.00S-O.016 

0-0 .220 
0.003-0.070 

0-0.011 

0.002-0.038 
0.009-0.037 

0-0.080 

0 .001-0.060 

0-0 .050 
0-0 .070 

0-0 .170 
0 -0 .060 

0-0.180 

0-0 .030 

0.003-0.026 

0 .002-0.050 

0 .010-0 .032 

0 -0 .030 •_ 

0 -0 .032 

0-0.107 
0-0 .051 

mean 

0.065 

0.028 

0.059 
0.025 
0.003 

0.009 
0.019 

0.028 

0.021 

0.020 
0.025 

0.057 
0.028 

0.077 

0.005 

0.015 

0.018 

0.019 

0.007 

0.011 

0.025 
0.016 

SAROAD Date 

, S i t e 
C h a r a c t e r i s t i c s * 

urban/suburban -
Eirmir.ghani 
urban, r u r a l 

urban, r u r a l 
r u r a l , urban 
n a t i o n a l park 

n a t i o n a l f o r e s t 
u rban / suburban 

r u r a l / s u b u r b a n , 
n a t i o n a l f o r e s t 
urban, n a t i o n a l 
f o r e s t / d e s e r t 
urban, r u r a l 
urban -
Los Angeles, 
San Franc isco 

urban, r u r a l 
n a t i o n a l f o r e s t , 
r u r a l , urban 
r u r a l , n a t i o n a l 
f o r e s t 
n a t i o n a l f o r e s t 

urban, r u r a l 

urban/suburban 

urban 

Everg lades/ 
n a t i o n a l park , 
urban 
urban, r u r a l 

urban/suburban 
m i l i t a r y 
r e s e r v a t i o n 



P.43 
i-T^--T --1 

TABLE 1 (con t inued) 

Arabie.-.t Manganese Concen t ra t i ons by S ta te from EPA's SAROAD Data 

1980-1982 SAROAD Data (ug/m3) 

State 

Hawaii 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Number of 
Samdes 

107 

77 
161 
58 

112 

81 

66 
11 

351 

131 
70 
36 

21 

25 

12 
28 

35 
16 

25 

25 

(21 hour avera 
ranee 

0-0.021 

0.001-0.103 
0-0.015 

0.009-0.759 

0-0.130 

0.008-0.097 

0.001-0.299 
0.009-0.133 

. 0-0.182 

0-0.039 
0.001-0.081 

0-0.021 

0.018-0.261 

0.010-0.220 

0-0.029 
0.006-0.032 

0.001-0.050 
0-0.110 

0-0.050 

0.007-0.058 

ges) 
mean 

0.006 

0.019 
0.021 
0.151 

0.031 

0.037 

0.012 
0.017 
0.026 

0.017 
0.029 
0.009 

0.107 

0.069 

0.010 
0.017 

0.017 
0.036 

0.022 

0.023 

Si te 
Character is t ics* 

urban/suburban, 
nat ional park 

urban 
r u r a l , urban 
r u r a l , urban -
Gary 

r u r a l , urban 

urban, ru ra l -
Kansas City -
Topeka 

suburban, r u ra l 
r u ra l 
urban 

urban 
suburban 
ru ra l 

urban -
Baltimore 
urban, ru ra l -
Baltimore Co. 

urban 
ru ra l 

ru ra l 
urban/suburban -
F l i n t 

urban/suburban 

urban, ru ra l 
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Ambient 

State 

Montana 

Nebraska 

Nevada 

Neu Jersey 

Neu Mexico 

Neu York 

North Carol ina 

Ohio 

Oklahoma 

Pennsylvania 

Manganese Co 

Number o f 
SamDles 

98 
78 

116 

10 

16 

111 

189 

13 

15 

311 

18 
133 

3«« 

16 

291 
23 

39 
11 

58 

22 
65 

TABLE 1 (con t inued) 

n c e n t r a t i o n s by S t a t e frcoi EPA's 

1980-1982 SAROAD Data (u g/m3) 
(21 hour averages) 
ranse 

0-0.190 
0-0.080 
0-0 .350 

0.005-0.073 

0.001-0.011 

0-0.066 

0-0.129 

0.007-0.069 

0.002-0.079 

0-0 .580 

0-O.0284 
0 -0 .071 

0.018-0.183 

0 -0 .050 

0 -0 .170 
0 .003-0 .173 

0 .005-0 .061 
0 .005-0.035 

0 .010-0 .960 

0 .001-0 .010 
0 .005-0 .181 

mean 

0.026 
0.029 
0.065 

0.029 

0.019 

0.015 

0 .021 

0.031 

0.023 

0.029 

0.001 
0.015 

0.073 

0.020 

0.036 
0.015 

0.022 
0.017 

0.120 

0.019 
0.019 
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SAROAD Data 

S i t e 
C h a r a c t e r i s t i c s * 

r u r a l , urban 
n a t i o n a l f o r e s t 
n a t i o n a l f o r e s t , 
suburban/ 
m i l i t a r y 
r e s e r v a t i o n 

urban/suburban 

n a t i o n a l f o r e s t , 
urban -
Las Vegas 
f o r e s t , 
mountains 

u rban / suburban 

urban 

r u r a l / s u b u r b a n , 
s t a t e park 
urban/suburban • 

n a t i o n a l f o r e s t 
urban, r u r a l 

urban -
Cleveland 
urban - To ledo, 
r u r a l 
urban/suburban 
suburban, r u r a l 

r u r a l , suburban 
urban/suburban 

urban -
P h i l a d e l p h i a 
urban, r u r a l 
r u r a l , suburban 
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Ambient 

S ta te 

South Carolina 

South Dakota 

Tennessee 

Texas 

V i r g i n i a 

Washington 

West Virginia 

Wisconsin 

Wyoming 

TABLE 1 (con t inued) 

Manganese Concen t r a t i ons by S t a t e from EPA's 

Number 
Samol< 

132 

30 

111 
72 

115 

1519 
339 
636 
805 

18 
15 
21 

130 

207 

22 

19 
91 

80 

21 

• S i t e c h a r a c t e r i s t i c s 

of 
-5 

a r e 

1980-1982 SAROAD Data ( u g / n r ) 
(21 hour ave rages ) 
rantre 

0-0 .039 

0-0 .010 

0 .003-0 .070 
0 .005-0 .290 

0 .002-0 .190 

0-0.157 
0 -0 .072 
0-0 .313 
0-0 .397 

0-0.027 
0-0.026 
0-O.011 
0-0 .050 

0-0 .129 

0 .010-0 .090 

0-0 .020 
0 .001-0 .255 

0-0 .110 

0-0 .010 

l i s t e d in o rde r of 

mean 

0.013 

0.005 

0.028 
0.051 

0.052 

0.021 
0 .015 
0 .023 
0.022 

0.006 
0.011 
0.007 
0.017 

0.027 

0.036 

0 .005 
0 .011 

0.021 

0.002 

predominance. 

I 

SAROAD Data 

S i t e 
C h a r a c t e r i s t i c s * 

r u r a l , urban 

n a t i o n a l f o r e s t 

urban 
n a t i o n a l f o r e s t , 
r u r a l -
Su l l ivan County 
r u r a l , urban 

urban/suburban 
r u r a l 
suburban 
r u r a l , urban __*• 

n a t i o n a l f o r e s t 

urban, r u r a l 
urban - Danvi l l e 
urban/suburban 

na t i ona l f o r e s t , 
r u r a l , urban 

r u r a l , urban 

r u r a l 
urban/suburban -
Milwaukee 
r u r a l , urban 

na t iona l f o r e s t 



f a b l e 2 : Examples of Levels of Occuoauonai Exposure to Airborne Manganese7 

Operation 
Range of averager* Range of peak levels4 

(jiCMn/m') (xgMn/m*) 

Or* cnisning mill 
Ore crushing 
Permanganate manufacture 
Mining, mine #1 
Mining, mine #2 
Mining, 1954 
Mining, 19S5 
Ferromanganese production 
Mn ore processing 
Ferromanganese production 
Dry battery manufacture 
Ferromanganese production 

Old preparation plant 
Slut furnace and pig casting^ 
Mn processing 

Ferroalloy production 
Ferromanganese production 

(after controls) 
Blast furnace cast house'3' 
Pig casting 
Mn processing 

10,400-173,000 
62,500-150,000 

300-250.000 
1S7.000-926.000 
65,000-114,000 

500-16,300 
1,800-46,000 
2400-4,700* 
5,030-11,100 
1,600-8.600 
6.800-42.200 

27,000-1.122.000 
120-13,300 

2,100-12.900 
301-20,440 

230-820 
390-320 
390-2.260 

5,250-31 J00 
4.430-20,130 

52.000-1.750.000 
1.900-206.000 
5,000-61,500 

1,100-22,600 
3,960-5,200 
1,000-24 J00 

References 

Flinn etal. (1940) 
Ansola etal. (1944) 
Lloyd Oavies (1947) 
Rodier (1955) 
Rodier (1955) 
Schuler etal. (1957) 
Schuler etal. (1957) 
Whitlock etal. (1966) 
Tanaka and Lieben (1969) 
Tanaka and Lieben (1969) 
Emara etal. (1971) 

Smvtn etal. (1973) 
Smytnet al. (1973) 
Smyth etal. (1973) 
luit etal. (1977) 

Ruhf (1978) 
Ruhf(1978) 
Ruhf (1978) 

'All studies prior to 1978 were associated with evidences of manganese toxicity in some individuals. 
^Methods of sample collection differ, i.e., thermai precipiution, electrostatic precipiution, miliiport 

filter sampling. 
^Values later found to be too low. 
"F « fume. 

from: Cooper, 1984. 
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rable 2 Guidelines ina Sunaaras for Manganese in cne Workplace"' 

Source 

Applicable 
dates Guideline or standard 

ACGIH TLV 

OSHA 

WHO 

1946-1959 
1960-1962 
1963-
1978-
1979-

1972-

1980-

6000 Mg/m" (TWA) 
5000 Mg/m1 (TWA) 
5000 Mg/m' (Ceiling value* 
1000 Mg/m" (TWA for Mn tetroxide) 
1000Mg/m" (TWA for Mn fume} 
3000 Mg/mJ (STEL for Mn fume) 

5000 Mg/m" (Ceiling value) 

300 Mg/m* (TWA) 

^Abbreviations: ACCIH, American Conference of Govemmenul Industrial Hygienists: OSHA, 
Occupational Safety and Health Administration: WHO. World Health Organization; TLV, thrcsnoid 
limit value; TWA. time-weighted average; STEL, snort-term exposure level. 

from: Cooper, 1984. 
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Ar.bient 

'"•fate 

Alabama 

Ar izona 

Arkansas 

C a l i f o r n i a 

Colorado 

Connect icut 

Delaware 

DC 

F l o r i d a 

i 

Georgia 

• 

T a b l e 2 

Manganese Concent ra t ions by S ta te f r c n EPA's 

Number o f 
femDles 

161 

30 

1211 
61 
38 

27 
27 

65 

97 

101 
78 

290 
79 

51 

57 

25 

21 

21 

110 

206 

19-
55 

1980-1982 SAROAD 
(21 hour av 
ranee 

0 - 0 . 3 6 0 " 

0.005-0.016 

0-0 .220 
0.003-0.070 

0-0 .011 

0.002-0.038 
0.009-0.037 

0-0 .080 

0 .001-0.060 

0-0 .050 
0 -0 .070 

0-0 .170 
0 -0 .060 

0-0 .180 

0 -0 .030 

0.003-0.026 

0 .002-0 .050 

0 .010-0 .032 

0 -0 .030 

0 -0 .032 

0-0.107 
0-0 .051 

Data (ug/rn^) 
erages) 

mean 

0.065 

0.028 

0.059 
0.025 
0.003 

0.009 
0.019 

0.028 

0.021 

0.020 
0.025 

0.057 
0.028 

0.077 

0.005 

0.015 

0.018 

0.019 

0.007 

0.011 

0.025 
0.016 

- - - . - > • - — - • - • T T . , - . . , 

SAROAD Data 

S i t e 
r f - p f - ^ t e r i : s t i e s * 

urban/suburban -

Birmingham 
urban, r u r a l 

urban, r u r a l 
r u r a l , urban 
n a t i o n a l park 

n a t i o n a l f o r e s t 
urban/suburban 

r u r a l / s u b u r b a n , 
n a t i o n a l f o r e s t 
urban, n a t i o n a l 
f o r e s t / d e s e r t 
u rban, r u r a l 
urban -
Los Angeles, 
San Franc isco 

urban, r u r a l 
n a t i o n a l f o r e s t , 
r u r a l , urban 
r u r a l , n a t i o n a l 
f o r e s t 
n a t i o n a l f o r e s t 

urban, r u r a l 

urban/suburban 

urban 

Everg lades/ 
n a t i o n a l park , 
urban 
urban, r u r a l 

urban/suburban 

m i l i t a r y 
r e s e r v a t i o n 
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T a b l e 2 ( c o n t i n u e d ) 

Ambient Manganese Concentrations by State from EPA's SAROAD Data 

V,;^ 

1980-1982 SAROAD Data (ug/m3) 

State 

Hawai i 

Ind iana 

Iowa 

Kansas 

Kentucky 

Lou is iana 

Maryland 

Massachusetts 

Michigan 

Minnesota 

M i s s i s s i p p i 

Number o f 
Samoles 

107 

77 
161 
5o 

112 

81 

66 
11 

351 

131 
70 
36 

21 

25 

12 
28 

35 
16 

25 

25 

(21 hour ave 
ranee 

0 -0 .021 

0.001-0.103 
0-0.015 

0.009-0.759 

0-0 .130 

0.008-0.097 

0.001-0.299 
0 .009-0 .133 

0-0 .182 

0-0 .039 
0 .001-0.081 

0 -0 .021 

0 .018-0 .261 

0 .010-0 .220 

0-0 .029 
0 .006-0 .032 

0 .001-0 .050 
0 -0 .110 

0 -0 .050 

0 .007-0 .058 

.rages) 
mean 

0.006 

0.019 
0.021 
0.151 

0.031 

0.037 

0.012 
0.017 
0.026 

0.017 
0.029 
0.009 

0.107 

0.069 

0.010 
0.017 

0.017 
0.036 

. 0.022 

. 0.023 

, S i t e 
C h a r a c t e r i s t i c s * 

u rban / suburban, 
n a t i o n a l park 

urban 
r u r a l , urban 
r u r a l , urban -
Gary 

r u r a l , urban 

urban, r u r a l -
Kansas C i t y -
Topeka 

suburban, r u r a l 
r u r a l 
u rban 

u.-oan 
suburban 
r u r a l 

urban -
Ba l t imo re 
urban, r u r a l -
Ba l t imo re Co. 

urban 
r u r a l 

r u r a l 
urban/suburban -
F l i n t 

urban/suburban 

urban, r u r a l 

K,A 
m 

p '\ 
KJ 
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Ambient 

State 

Montana 

Nebraska 

Nevada 

Neu Jersey 

New Mexico 

New York 

Nor th Caro l ina 

Ohio 

Oklahoma 

Pennsylvania 

Manganese 

Number of 
SamDles 

98 
78 

116 

10 

16 

111 

189 

13 

15 

311 

18 
133 

.31 

16 

291 
23 

39 
11 

58 

22 
65 

1 

T a b l e 2 ( c o n t i n u e d ) 

Concen t ra t i ons by S t a t e 

1980-1982 SAROAD 

frcoi EPA's 

Data (u g/ra3) 
(21 hour averages) 
ranee 

0-0.190 
0-0.080 
0-0 .350 

.0 .005-0 .073 

0 .001-0 .011 

0-0 .066 

0-0 .129 

0 .007-0.069 

0.002-0.079 

0-0 .580 

0-O.02&1 
0 -0 .071 

0.018-0.183 

0 -0 .050 

0 -0 .170 
0 .003-0 .173 

0 .005-0 .061 
0 .005-0 .035 

0 .010-0 .960 

0 .001-0 .010 
0 .005-0 .181 

. 

mean 

0.026 
0.029 
0.065 

0.029 

0.019 

0.015 

0.021 

0.031 

0.023 

0.029 

0.001 
0.015 

0.073 

0.020 

0.036 
0.015 

0.022 
0.017 

0.120 

0.019 
0.019 

SAROAD Data 

S i t e 
C h a r a c t e r i s t i c s * 

r u r a l , urban 
n a t i o n a l f o r e s t 
n a t i o n a l f o r e s t , 
suburban/ 
m i l i t a r y 
r e s e r v a t i o n 

urban/suburban 

n a t i o n a l f o r e s t , 
urban -
Las Vegas 
f o r e s t , 
mountains 

ur ba n/subur ba n 

urban 

r u r a l / s u b u r b a n , 
s t a t e park 
urban/suburban • 

n a t i o n a l f o r e s t 
u rban, r u r a l 

urban -
Cleve land 
urban - To ledo, 
r u r a l 
ur ba n/s ubur ba n 
suburban, r u r a l 

r u r a l , suburban 
urban/suburban 

urban -
P h i l a d e l p h i a 
urban, r u r a l 
r u r a l , suburban 



P.51 
1 '••'- . . T . . . . . . . 

T a b l e 2 ( c o n t i n u e d ) 

Ambient Manganese Concentrations by State f ran EPA's 

1980-1982 SAROAD Data (ug/m3) 
Number of (21 hour averages) 

sratf» Samples ranee mean 

SAROAD Data 

S i te 
q v ^ a c t e r i s t i c s * 

v J 

South Carolina 

South Dakota 

Tennessee 

Texas 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming 

132 

30 

111 
72 

115 

1519 
339 
636 
805 

18 
15 
21 

130 

207 

22 

19 
91 

80 

21 

0-0.039 

0-0.010 

0.003-0.070 
0.00S-0.290 

0.002-0.190 

0-0.157 
0-0.072 
0-0.313 
0-0.397 

0-0.027 
0-0.026 
0-O.011 
0-0.050 

0-0.129 

0.010-0.090 

0-0.020 
0.001-0.255 

0-0.110 

0-0.010 

0.013 

0.005 

0.028 
0.051 

0.052 

0.021 
0.015 
0.023 
0.022 

0.006 
0.011 
0.007 
0.017 

0.027 

0.036 

0.005 
0.011 

0.021 

0.002 

ru ra l , urban 

national fores t 

urban 
national forest , 
rura l -
Sullivan County 
r u r a l , urban 

urban/suburban 
rura l 
suburban 
r u r a l , urban 

national fores t 
urban, rura l 
urban - Danville 
urban/suburban 

national fores t , 
ru ra l , urban 

ru ra l , urban 

rural 
urban/suburban' -
Milwaukee 
ru ra l , urban 

national fores t 

• S i t e charac ter i s t ics are l i s t e d in order of predominance. 

< • - " - . 

/ 

KJ 



Table 3 

Examples of Levels of Occupational Exposure 
to Airborne Manganese3 

Operation 
Range of averages6 

(MgMn/m1) 
Range of peak levels6 

(pg Mn/m') References 

Ore crushing mill 
Ore crushing 
Perminjmate manufacture 
Mininj. mine #1 
Mining, mine #2 
Mininj, 1954 
Mininj. 1955 
Ferromanganese production 
Mn ore processing 
Ferromanganese production 
Dry battery manufacture 
Ferromanganese production 

Old preparation plant 
Blast furnace and pig casting" 
Mn processing 

Ferroalloy production 
Ferromanganese production 

(after controls) 
Blast furnace cast house'*' 
Pig casting 
Mn processing 

10,400-173,000 
62^00-250.000 

300-250,000 
137,000-926.000 
65,000-814,000 

500-16,300 
1,800-46,000 
2,300-4,700* 
5,030-11,100 
1,600-8,600 
6,800-42.200 

27,000-1.122,000 
120-13,300 

2,100-12,900 
301-20,440 

230-820 
390-620 
390-2.260 

5.250-31,500 
4,430-20.130 

52,000-1,750.000 
1.900-206,000 
5.000-61,500 

1,100-22,600 
3,960-5,200 
1.000-24 JOO 

Flinn etal. (1940) 
Ansola et al. (1944) 
Uoyd Oavies(1947) 
Rodier (1955) 
Rodier (1955) 
Schuler etal. (1957) 
Schuler et al. (1957) 
Whitlock etal. (1966) 
Tanaka and Lieben (1969) 
Tanaka and Lieben (1969) 
Emara etal. (1971) 

Smyth etal. (1973) 
Smyth etal. (1973) 
Smyth etal. (1973) 
Saric* etal. (1977) 

Ruhf (1978) 
Ruhf (1973) 
Ruhf(1978) 

"All studies prior to 1978 were associated with evidences of manganese toxicity in some individuals. 
^Methods of sample collection differ, i.e., thermal precipitation, electrostatic precipitation, millipore 

filter sampling. 
c Values later found to be too low. 
df a fume. 

from Cooper, 1984 
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Table 4 

Guideli nes and Standards for 
in the Workplace3 

Manganese 

Source 

Applicable 
dates Guideline or standard 

ACOIHTLV 

OSHA 

WHO 

1946-1959 
1960-1962 
1963-
1973-
1979-

1972-

1980-

6000 Mg/m" (TWA) 
5000 ug/m" (TWA) 
5000 Mg/m* (Ceiling value) 
1000 Mg/m" (TWA for Mn tetroxide) 
1000 Mg/m" (TWA for Mn fume) 
3000 Mg/m' (STEL for Mn fume) 

5000 Mg/m1 (Ceiling value) 

300 Mg/m* (TWA) 

""Abbreviations: ACCIH. American Conference of Governmental Industrial Hygienists: OSHA, 
Occupational Safety and Health Administration; WHO. World Health Organization; TLV, threshold 
limit value; TWA, lime-weighted average; STEL, short-term exposure level. 

from C o o p e r , 1984 

4. 
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Roadway 

Table 5 

RESULTS OF VOLKSWAGEN MODELING 

Emission rates 
(mg Mn/mi) 

Roadside concentration 
(ug Mn/m ) 

Highway 

Street Canyon 

4.00 
1.38 

10.00 
3.13 

1.98 
0.64 

7.60 
2.20 

Table 6 

ESTIMATED AMBIENT Mn CONCENTRATIONS 
DOWNWIND OF A HIGHWAY 
(100% penetration) 

Emission Estimated Concentrations 
Rates 4m Dnwnd 100m Dnwnd 

(mg Mn/mile) (ug Mn/m3) 
Wind Direction 

to Roadway 

90° 
90° 

90< 
90* 

45< 
45( 

Volkswagen Analysis 

4.00 1.98 
1.38 0.64 

HEI Analysis 

4 . 0 0 
1 . 3 8 

4 . 0 0 
1 .38 

4 . 0 0 
1 .38 

2 . 0 0 
0 . 6 8 

2 . 5 0 
0 . 8 7 

3 . 6 0 
1 .14 

0.84 
0.22 

0.80 
0.29 

1.20 
0.39 

2.50 
0.87 
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ATTACHMENT C 

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

A N N A R B O R . M I C H I G A N 48105 

OFFICE OF 
AIR ANO RAOIATION 

AUG 1 1 1986 

MEMORANDUM 

SUBJECT: 

FROM: 

HEI's Role in Assessing the Health Effects of 
Unregulated Pollutants: (1) EPA's Request for an 
Evaluation of Manganese and (2) the Meaning of 
"Conclusive Data" in Maxwell letter of March 24, 1986 

Gray, Charles L. ^ , . ,. ,_. 
Director ^A^^JJJ/^ 
Emission Control Technology Division 
United States Environmental Projection Agency 

Thomas P. Grumbly /^r.^^Cj / 
Executive Director 
Health Effects Institute 

Robert Maxwe 
Director 
Certificati 
United Stat al Protection Agency 

?0: The Record 

This memorandum summarizes, and provides background 
information, concerning a telephone discussion on June 5, 1936 
among the following participants. 

Thomas ?. Grumbly, Executive Director 
Health Effects Institute 

Dr. Ken Sexton, Director 
Scientific Review and Evaluation 
Health Effects Institute 

Dr. Robert Kavet, Senior Star 
Health Effects Institute 

f Scientist 
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Mr. Charles Gray, Director 
Emission Control Technology Division ^ \ 
Office of Mobile Sources * .} 
Environmental Protection Agency 

Mr. Phil Lorang, Chief, 
Technical Support Staff 
Emission Control Technology Division 
Office of Mobile Sources 
Environmental Protection Agency 

Mr. Robert Maxwell, Director 
Certification Division, Office of Mobile Sources 
Environmental Protection Agency 

Dr. Joseph Somers, 
Office of Mobile Sources 
Environmental Protection Agency 

Ms. Penny Carey 
Office of Mobile Sources 
Environmental Protection Agency 

Mr. Matthew Wagner 
Office of Mobile Sources 
Environmental Protection Agency 

The discussion dealt with HEI's response to Volkswagen's P "> 
request of June 1984 on manganese, the general role of HEI in 3.3 
the unregulated pollutant evaluation process, and the meaning 
of "conclusive data" as expressed in Mr. Robert Maxwell's 
letter of March 24, 1986 to Volkswagen and more general 
guidance creviced to manufacturers by Mr. Maxwell in a le-ter 
of April 2, 1936. The telephone call was initiated in response 
to a prior request by Mr. Grumbly to Mr. Richard Wilson, 
Director of the Office of Mobile Sources. 

I. Introduction: The Statutorv Framework 

Section 202 (a)(4) of the Clean Air Act, 42 U.S.C. 7521 
(a)(4) 1933 states: 

(4) (A) Effective with respect to vehicles and engines 
manufactured after model year 1973". no emission control device, 
svstem, or element of design shall be used in a new motor 
vehicle or a new motor vehicle engine for purposes of complyir.c 
with standards prescribed under this subsection if such device, 
svstem, or element of design would cause or contribute_to an 
unreasonable risk to public health, welfare, or safety in the 
onerat ion or function. 

V..̂  
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(B) In determining whether an unreasonable risk 
exists under subparagraph A the Administrator (of EPA) should 
consider among other factors: 

(i) whether and to what extent the use of any 
device, system or element of design causes, increases, reduces 
or eliminates emissions of any unregulated pollutant; 

(ii) available methods for reducing or 
eliminating any risk to public health, welfare or safety which 
may be associated with the use of such device, system or 
element of design and; 

(iii) the availability of other devices, 
systems or elements of design which, may be used to conform to 
the standards prescribed under this subsection without causing 
or contributing to such an unreasonable risk. The 
Administrator shall include in the consideration required by 
this paragraph all relevant information developed pursuant to 
Section 7458 of this title. [Section 7458 which codifies 
Section 214 requires that the Administrator conduct a study and 
analysis of particulate emissions of motor vehicles covered by 
202(a)(4), which characterizes and quantifies such emissions 
and analyzes the relationship of such emissions to fuels and 
fuel additives used.] 

A companion statute, 
(A)(3)(1983) states: 

Section 206(a)(3), 42 USC 752: 

"3(A) a 
under this section 
manufacturer. . . . 
Administrator that 
element of design 
vehicle or engine, 

certificate of conformity may be issued 
only if the Administrator determines the 
has established to the satisfaction of the 
any emission control device, system, or 
installed on, or incorporated ir., such 
conforms to the aDDiicabie r ecu! re-rents cf 

Section 7521 (a) (4) of this title. 

(3) the Admistrator may conduct such tests and rn-
require the manufacturer. . . to conduct such tests and provi: 
such information as is- necessary to carry cut subparagraph A c 
this paragraph." 

Section 206 (b), 42 USC 7525 (b) (1933), which governs z: 
testing procedures and judicial review of cer.if icat 1-. 
decisions by the Administrator under this statute, previa; 
that the Administrator is authorized to direct manufacturers • 
conduct tests to determine whether vehicles dc conform to t: 
regulations, and that manufacturers may file a petition vi 
the appropriate United States Court of Appeals for judici 
review of such determination. The court shall review ch 
order in accordance with the "substantial evidence" standard 
the Administrative Procedure Act. See 5 USC 706 (1977) 
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II. The Role of the Health Effects Institute 

-\ The Health Effects Institute was created in part to 
provide a mechanism for satisfying the statutory health testing "r 

obligations under section 202(a)(4). The Health Effects 
Institute functions to organize, fund, conduct, and evaluate 
research on the health effects of motor vehicle emissions. The 
EPA has stated that it would fully expect the Institute to 
become the primary mechanism by which participating motor 
vehicle manufacturers discharge their health testing 
responsibilities under 202 (a)(4) in a memorandum to the Motor 
Vehicle Manufacturers from Joseph A. Cannon, Assistant 
Administrator for Air and Radiation, and Bernard Goldstein, 
Assistant Administrator for Research and Development, EPA, 
March 20, 1984 (hereinafter the Cannon/Goldstein memorandum. 
Attached as Appendix A) . In the Cannon/Goldstein memorandum, 
EPA further stated: "the EPA position on the Institute . . . 
will remain unchanged providing each manufacturer continues to 
identify in an annual written needs submission to (HEI) that 
health effects research which the manufacturer deems most 
important." 

III. The HEI Manganese Report and the Maxwell Letter 

Relying on the EPA's statement in the Cannon/Goldstein 
memorandum, Volkswagen of America, Inc. (VW) requested in June 
1984 that HEI undertake an evaluation of potential health 
issues related to emissions from diesel automobiles using 
manganese-containing fuel additives for particle trap \ j* 
regeneration. By permitting regeneration to occur at exhaust 
temperatures which are reached naturally in normal operation, 
the manganese additive avoids the need for more expensive or 
otherwise less attractive regeneration approaches. Therefore 
within the context of the VW system, the manganese additive in 
question is essential to the control function of the trap and 
lowers emissions to levels that comply with Federal and 
California state environmental statutes. Any such emissions 
control device must meet the requirements of section 202(a)(4), 
that is, it must not pose an "unreasonable risk" in operation. 

To fulfill its role in helping to implement 202(a)(4), HEI 
conducted an evaluation of manganese through its Health 
Research Committee. In September 1984, the Committee met, 
discussed the VW request and received a preliminary briefing on 
the toxicology of manganese. The Committee agreed to accept 
the request by VW and it decided that further analysis was 
necessary to determine whether tail pipe emissions of manganese 
are a public health problem, and whether HEI should sponsor 
research in this area. HEI subsequently commissioned Roth 
Associates (Dr. Neil Roth, Principal Investigator) to conduct 
an in-depth review of the relevant literature and studies on 
manganese. This "review included actual replication cf VW 
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modeling predictions of potential manganese exposure levels 
from use of the manganese additive and additional modeling of 
other emissions scenarios not analyzed by VW, plus analysis of 
the health effects literature. The Committee evaluated all of 
this information in June 1985, and conducted a final review in 
September 1985. 

In a letter report to VW dated October 7, 
(hereinafter "HEI Report", HEI summarized its evaluation: 

L985 

"The evaluation first places projected Mn emissions in the 
context of ambient Mn levels across the United States 
then examines the health literature on Mn 
whether the expected incremental levels of 
from regenerator-equipped automobiles 

and 
to establish 
airborne Mn 
are of 

health-related concern. Finally, we identify a number of 
areas in which our knowledge concerning 
potential effects can be improved 

exposure and 

"To summarize our findings, increased air 
concentrations of Mn resulting from the use of VW's 
particle trap will not, under any realistic scenario, 
reach the lowest concentrations that have been reported in 
the literature to be associated with adverse chronic 
health effects. Despite this conclusion, certain gaps 
remain in our knowledge of Mn emissions and effects. 
These gaps primarily involve the particle size 
distribution and chemical species . . . in which Mn is 
emitted and how they might affect toxicity. The gaps in 
emissions characterization are best dealt with by the 
manufacturers directly as more experience is obtained." 
(HEI report, pages 2-3) 

VW submitted the HEI report to the EPA in compliance w 
its obligations under section 202(a)(4). In response, i 
letter dated March 24, 1986 (hereinafter the "Maxwell lett 
in Appendix 3), Robert Max-well. Director of the Certificat 
Division, Office of Mobile Sources, EPA, stated to vw t 
although VW's submission of the HEI report had "in part" 
the requirements of section 202(a)(4), VW had not compie 
adequately the necessary submission to address the issue 
unreasonable risk. The Max-well letter asked VW to submit 
detailed time schedule for providing the information 
particle composition and size distribution that the HEI re_ 
noted (at p.8) was needed to "reinforce the conclusion that 
health effects are expected" at the low ambient levels lik 
to resuit from its oroDosed use. 

itn 
i a 
s r " 
ion 
r*. a t 

ted 
of 

: a 
on 
ort 
no 
elv 

During the June 5, 1986 conference call, EPA staff members 
raised several questions about possible ambiguities in HEI's 
letter to Voikwagen. Taken together, these ambiguities raised 
doubts among EPA- staff about the health effects research base 
for mancanese. Mr. Grumblv indicated that the HEI staff had 



P.60 

-6-

already performed further analyses of the one Japanese study 
that seemed to have been conducted at exposures that 
approximated those thought to be of potential health concern. 
They had concluded that this study was quite unreliable and was 
probably not even a measure of manganese. 

Mr. Grumbly and the HEI staff agreed with an EPA reguest 
to submit another letter on this issue and to be as 
unambiguious as possible in assessing the health effects -data 
base. As part of this- effort, the HEI Research Committee had 
asked the staff to develop an updated paper based upon the new 
information. Mr. Grumbly also stressed that Volkswagen still 
had responsibility for characterizing emissions, and that any 
new emissions characterization data would be carefully analyzed 
so that EPA had the most complete information base possible. 

With respect to HEI's general role in the review of new 
technologies requiring certification under section 202(a)(4), 
EPA reiterated that it was looking to HEI to play the primary 
health effects research role, and to provide the Agency with 
HEI's views about the adequacy of the existing data base 
concerning new technology. HEI and EPA understand and agree 
that only the Agency and the manufacturers can perform the 
actual certification required by the standard of 202(a)(4). 
HEI and EPA also agreed that HEI should provide the most 
complete evaluation of existing evidence reasonably possible, 
and should provide the manufacturer with the clearest possible 
interpretation of that evidence, consistent with the underlying 
uncertainties in the scientific data base. HEI wiil noc 
normally engage in quantitative risk assessment, but it will 
evaluate and array the available data so that EPA and che 
manufacturer(s) can undertake such an assessment, if che daca 
are sufficient to warrant the effort. 

IV. The Problem of "Conclusive Evidence" or "Conclusive Data" 

Although ic appears from the Maxwell letter chat EPA. will 
be satisfied if Volkswagen produces the inf ormac ior. on particle 
composition and size distribution requested specifically, -he 
cexc of the Maxwell letter went further, and HEI was concerned 
chat ics tenor couLd potentially create problems for HEI's role 
as spelled out in the Cannon/Goldscein memorandum. The letcer 
scaces that section 202(a)(4) requires the manufacturer to 
present "conclusive evidence" or "conclusive data" that an 
emission controi system wiU not cause or in any way contribute 
to an unreasonable ris!<. Both HEI and EPA agreed that 
"conclusive evidence" or "conclusive data" requires further 
explanation. 
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V. Summary of Positions 

EPA and HEI staff agree that the following restatements 
accurately describe each group's position and that they are 
essentially compatible with each other and with all prior 
correspondence including the Maxwell letters of March 24 and 
April 2. 

EPA 

EPA will continue to accept manufacturer statements 
during Certification regarding the absence of 
unreasonable risk, for "current" technologies with a 
history of characterization. 

EPA expects manufacturers to continue to report 
annually on their developing technologies and the 
emissions characteristics thereof. Manufacturers 
are also expected to request from HEI assessment of 
the current state of knowledge with respect to a 
particular pollutant, or new testing of the health 
effects of the pollutant, for pollutants which may 
be newly emitted or emitted in larger amounts from a 
technology with commercial potential. By doing so, 
they will increase the information available at the 
time they might seek certification of the 
technology, and thereby decrease the likelihood that 
EPA will be unable to decide in favor of 
certification due to lack of sufficient information. 

Manufacturer fulfillment of these two expectations 
does not by itself guarantee that EPA will grant a 
certificate for a new technology when one is 
requested. EPA must be able to make a finding or 
conclusion that there will be no unreasonable risk 
to public health from the technology. If, despite 
the manufacturer's annual reports to EPA and 
requests to HEI, EPA is lacking information to make 
a finding or conclusion without being arbitrary or 
capricious, a certificate will not be granted. In 
the sense of permitting EPA to reach a 
ncn-arbitrary/capricious conclusion, the evidence on 
health effects must be "conclusive". 

Volkswagen's 
• r i f 

request. mav As in the case of 
agree to grant a certificate for a small number of 
mcdel years if the cummulative production will be so 
small that a finding of no unreasonable risk is 
possible, to allow for more information to be 
provided. Manufacturers should not rely upon this 
tcssibilitv, however. 
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In the case of manganese emissions from 
trap-equipped light-duty vehicles, the October 7, 
1985 HEI response to Volkswagen was inadequate for 
EPA to reach a long-term decision in favor of 
certification. As noted by HEI, VW had not 
performed characterization testing, to rule out the 
possibility that the manganese is emitted in an 
unusual form, i.e., other than as an oxide or 
elementally. Also, although HEI concluded that 
there was an absence of studies showing a health 
effect at expected levels, it provided no 
affirmative evidence or reasoning as to why an 
effect was unlikely nor even any clearly stated 
conclusion or scientific opinion that effects were 
unlikely. When clear health effects have been 
demonstrated at higher levels and been accepted by 
the scientific community, EPA believes that the mere 
existence of a sizeable difference in concentrations 
is not enough. Credible inference regarding the 
lower levels must be based on some additional 
evidence, such as: 

° a scientifically valid and relevant 
intermediate-level study with no effect 

° comparison to dietary intake, or to 
current inhalation exposures from other 
sources 

studies on similar compounds 

° knowledge of metabolic pathway or clearance 
mechanisms. 

Expert opinion provided through the HEI Committee 
structure in the absence of definitive data will be 
highly respected by EPA. EPA expects that such 
opinions wiil be clearly stated, with a clear 
explanation of any computations, assumptions, or 
judgments used to evaluate the substance in 
question. Also, the degree of uncertainty should be 
described, as well as the research program vhich 
would better resolve any uncertainty. Of course, 
EPA and not HEI must make the findings required by 
the statute. 

The degree of uncertainty which can be tolerated in 
making a finding regarding the presence or absence 
of unreasonable risk depends in part on the cost and 
time required to remove that uncertainty through 
additional research. 

( \ 
Kj3 

33 
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HEI 

1. Inference is often a vital part of the evaluation of 
the health effects of a substance at a given 
exposure level. The term, "conclusive evidence" is 
therefore a misnomer. 

Science cannot provide "conclusive" proof for an 
absence of health effects. Reliable data on 
relevant compounds, levels, exposure routes, 
exposure times, and species accompanied by credible 
expert inference as to the presence or absence of 
human health effects under expected exposure 
conditions can be provided. HEI sees this as part 
of its role under Section 202(a)(4), since HEI must 
necessarily consider the available data and form 
these same inferences when deciding whether and 
what type of new testing to perform. 

In addition to being unable to provide "conclusive" 
proof, science generally does not even yield 
"conclusive" data. The observations that count as 
support are themselves dependent on theoretical 
structures that are subject to change. Furthermore, 
the sciences that search for adverse health effects 
(e.g., toxicology and epidemiology) do not yield 
"conclusive" data that will with total certainty 
predict that an effect will not. occur. With respect 
to any experiment or study, the risk of a false 
negative or a false positive is never zero. Nor are 
there sufficient resources to test for every 
theoretical possible toxic effect at every possible 
exposure level under all conceivable sets of 
experimental conditions. Even if it were possible 
to achieve all this in animals, extrapolation to 
humans would still be frought with some uncertainty. 

HEI has the responsibility, in evaluating evidence 
and in deciding whether to undertake research, to 
provide a clear explanation of any computations, 
assumptions or judgments used to evaluate the 
particular substance or technology in question, 
under the intended conditions of use. HEI wiil 
clearly distinguish in any analysis between those 
research recommendations which could refine specific 
uncertainties about human risk, and those vhich are 
important to pursue in order to reach a 
scientifically defensible judgment about the 
fundamental nature and extent of human risk. 
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Table 4 

Concentrations of Manganese in Tissues of Man and Animair 

T'.mie 

Adrenal 
Aoru 
Bo<M*(ioat) 
Brain 
Heart 
Kidney 
U*x 
Lua« 
MucU 
0«*ry 
Pancreas 
Pitaitaiy 
Pratuu 
Sptoea 
Teitii 
Hair 

Mantajic-tf Concentrauon. ppm (freih-uuuc banal 

Men Rabbits 
A>cra(e lor 
Several Species 

OJO 
0.19 

-
0J4 
0J3 
0.93 
1.61 
0J4 
0.09 
0.19 
U t 
-
0.24 
0.22 
0.19 
-

0.67 
-
-
0J« 
0.21 
1.20 
2.10 
-
0.13 
0.60 
1.60 
2.40 
-
0.22 
0J6 
0.99 

0.40 

3J0 
0.40 
0.34 
1.20 
2-30 

0.1S 
0J5 
1.90 
2J0 

0.40 
0J0 
0.10 

S o u r c e : NRC, 1973 



Table Manganese in Foods 

Food 

Whole wneat, seed 
Bread, white 
Bread, whole wneat 
Oatmeal 
Corn meal 
Macaroni, dry 
Grapcnuu 

Milk, whole 
Milk, dry skimmed 
Butter 
Eggs, wnole 

8eef, roasting 
Lamb cnops, lean 
Chicken breast 

Halibut steak 
Scalloos, fresh 
dams, fresh frozen 

Cod liver oil 
Corn oil 
Safflower oil 

Manganese 
(wet weight, util) 

11.32 
1.78 
1.43 
2.72 
2.05 

10.56 
30.76 

0.19 
0.00 
0.96 
0.53 

0.05 
0.34 
0.21 

0.12 

•o.n 
0.00 

4.9S 
1.00 
0.00 

Food 

Raisins, package 
Apple 
Orange 
Peach 

Pecans 
Peanuts, salted 

Spinach, fresh 
Beets, fresh 
Beans, canned 
Peas, fresh 
Tomatoes, canned 

Black pepper 
Cloves 
Garlic powder 
Coffee, ground 
Coffee, infusion 
Tea, leaves 
Tea, infusion 

Manganese 
(wet weight, uf/'g) 

4.6S 
0.31 
0.35 
1.02 

35.09 
6.91 

7.77 
0.41 
0.24 
0.64 
0.30 

47.48 
262.86 

0.45 
20.65 
0.85 

275.58 
63 

from: Cooper, 1984 
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Spec tes 

Nice. Charles 
River. CO-1 
(20-HS/group) 

Hlce. Charles 
River. CO-1 
(20-41/group) 

Hals, Sprague-
Dawley (30/group) 

Honkeys, squirrel 
(6/group) 

Honkeys, Rhesus 
(7 eiposed. 
5 controls) 

Honkey, Rhesus 
A) 3 exposed 
B) 2 exposed 

Kats 
(74/group) 

Hamsters, golden. 
(60/group) 

MS - Not studied 

Conpound 

aerosol 

Mn 30 4 

aerosol 

^ 3 0 4 
particulate 

Hn30« 
particulate 

HnOo 
dust 

Automotive 
enissions 
containing 
Hn 

Respiratory Effec 

Concentration 
(particle slie) 

897 „g/M> 
d-3 >_-) 

220-2650 wg/«-
(11 *) 

Control 
11.6 »g 
112.5 wg 

1152 wg 
(<2 »») 

100 Mg/m' 

A) 3000 ug/m' 
B) TOO vg/*3 

117-13) „g/m» 
(0.3 »m) plus 
other particu
late and gases 

r v v v>^. li '. • 
TABLE 6 

s with Nanganese Exposure: Inhalation (xposures at Low Doses 

Effects 

Exposure Nn Hn • Bacteria Comments 
Only Bacteria Only 

2 hours - MS NS Normal cell concentration (macro
phages, PMNs. lymphocytes). No 
increase In extracellular protein 
(no edema). No effect on phago
cytic capability. 

2 hours NS <• • (Bacteria only - control) 
Mean mortality rate Increases 
over controls as Hn concentration 
Increases. Enhanced growth of 
streptococci over controls. 

24 hours/day, • NS NS No exposure related gross or 
9 months microscopic alterations or effects 

on mechanical or ventilatory prop
erties of the lung. (No exposure 
related effect on (NG or limb 
tremor. 

24 houcs/day - NS NS No abnormal changes seen on gross 
to 66 weeks or microscopic examinations. In

crease of tin In lung. 8/12 had 
acarlasls. 

22 hours/day, » NS NS Inflammatory changes earlier In A 
10 months than B; granular rather than In 

flltratlve shadows. After 10 
months hyperplasia of lymphoid 
tissue, pulmonary emphysema. 
Deposits of dust In macrophages. 

8 hours/day. - NS NS No gross or microscopic changes 
56 days In the lung. 

t rx 
/To '< 

Heler e m e 

Adkins et al . . 
lSBOb 

Adkins et al. . 
19B0c 

Ulrich et al , 
1919a.b.c 

Coulston ami 
Griffin, 19// 

Sutukt et al . 
1918 

Moore el a 1. , 
1975 

• 

4 

•* 
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Roadway 

Highway 
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Tabie 7* 

RESULTS OF VOLKSWAGEN MODELING 

Emission rates 
(mq Mn/mi) 

4.00 

1.38 

Roadside concentration 
(ug Mn/m3) 

1.98 

0.64 

Street Canyon 10.00 

3.13 

7.60 

2.20 

* From Volkswagen (1984) 
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Table 3 

ESTIMATED AMBIENT Mn CONCENTRATIONS 
DOWNWIND OF A HIGHWAY 
(100% penetration) 

Wind Direction 
to Roa 

90° 
90° 

idwav 

Emission 
Rates 

(mg Mn/mile) 

Volkswagen 

4.00 
1.38 

Ana ly: 

Estimated 
4m 

sis 

1, 
0. 

Dnwnd 
(ug 

.98 
,64 

Concentrations 
100m 

Mn/m3) 

0. 
0. 

Dnwnd 

,84 
,22 

HEI Analysis 

90° 
90° 

4.00 
1.38 

2.00 
0.68 

0.80 
0.29 

45° 
45° 

4.00 
1.38 

2.50 
0.87 

1.20 
0.39 

5° 
5° 

4.00 
1.38 

3.60 
1.14 

2.50 
0.87 
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ATTACHMENT A 

/© \ V O L K S W A G E N 
Vgj) OF A M E R I C A , I N C . 

888 W. Big Beaver 
P.O. Box 3951 
Troy, Michigan 48007-3951 
Tel. 313/362-6000 
Western Union Telex 230 628 

Charles W. Powers 
Health Effects Institute 
215 First Street 
Cambridge, Massachusetts 02142 

Dear Mr. Powers 
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As an unregulated substance, it is necessary, according to the 
Clean Air Act, to make an assessment of whether manganese emissions 
pose a risk to public health. Volkswagen, therefore, has compiled 
an analysis of the manganese concentrations in ambient air which 
may be expected with the introduction of manganese-containing 
additives for diesel fuel. The estimated concentrations are 
compared to the threshold values for possible health effects. 
Further, -mder contract with Volkswagenwerk AG, the Fraunhofer 
Institute conducted a literature search to evaluate the health 
effects associated with the use of a manganese additive for diesel 
particulate trap regeneration. Both the ambient air analysis and 
health effects literature search are contained in the enclosed 
research report. 

Porsche Audi Volkswagen 



Mr. C. Powers 

June 29, 1984 

Page 2 

A review of the report reveals a comprehensive determination of 
estimated ambient levels of manganese and that avaiiabie health 
effects data has been summarized. There is some concern however, 
that there is a paucity of inhalation health data of manganese at 
the lower levels (e.g.... v 0.0 I saz/a.^). In view oi this lack of 
information, Volkswagen is requesting the assistance o'f the Health 
Effects Institute (HEI). 

More specifically, we request that the HEI address our concerns by 
determining whether the assessment of h e a J. t h d-aLa aj; l/b« ]<LV«IS of 
manganese is warranted. The research report ene losed ^provides a 
summary of the* data available thus far and therefore iind ica tes the 
point above which the health effects are known. These implied 
limits may be useful in the assessment. It should be noted that 
the more stringent diesel particulate standards, those which make 
the control systems in question necessary, are applicable beginning 
with the 1985 model year in California and 1987 model year 
Federally. The urgent need for an assessment is therefore 
obvious . 

Volkswage 
request t 
system, a 
certainiy 
such, a c 
expected , 
most rece 
new deyel 
sub s t ance 
Based on 
HEI, of t 
concentra 
necessary 

n wo 
o th 
nd p 
rep 

hang 
alb 

nt ly 
opme 
s em 
that 
he n 
r i ao 
and 

uid gre 
e Healt 
art icul 
resents 
e in th 
ei t at 
at the 

nt in t 
ltted i 
premi s 

eed for 
s o£ aa 
war ran 

at ly 
h Res 
ar ly 
new 

e unr 
low 1 
last 

echno 
s jus 
e, Vo 
heal 

ngane 
ted . 

appreciate your presentation of our 
earch Committee. The emission control 
the use of fuel additives described above 
developments in automotive technology. As 
egulated substances emitted may be 
evels. HEI has stated in the past, and 
HEI sponsors meeting in Ann Arbor that 

logy and the resultant change in 
tification for future HEI consideration. 
Iks wag, en believes that an assessment, by 
th data associated with lower; level 
sa used aa a diesel fuel additive is both 

Your assistance in this matter is greatly appreciated. 

Best regards, 

Wo I f gang Xproth 
Manager 
Emissions & Fuel Economy 
LWK/cs 

Ene losure u 
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ATTACHME_Nr B 

Joord o< Orecton 
vrchibold Cox. 

Choirman 
*iiliam O. Ooker 

' Kennedy 
V Powers 

Officers 
'homos P. Grumbly. 

Executive Director 
ond Treasurer 

"i.chord M. Cooper. 
Secretory 

HEALTH EFFECTS INSTITUTE 
215 First Street 

Cambridge, Massachusetts 02142 
(617)491-2926 

O c t o b e r 7 , 1985 

Reseorcti Committee 
Wolter A Rosenolith. 

Choirmon 
Joseph 0. Oroin 
Curtis C. Horns 
Roger O. McClellan 
Robert F. Sowyer 
John W. Tukey 
Mark J. Utell 
Gerold N Wogon 

Review Committee 

Robert I. Levy. 
Chairmon 

Goreth M. Green 
Millicent V.P. Higgins 
Paul Meier 
Sheldon 0. Murphy 
Arthur C. Upton 

Mr. Wolfgang Groth 
Manager, Emissions and Fuel Economy 
Volkswagen of America, Inc. 
888 W. Big Beaver 
P.O. Box 3951 
Troy, Michigan 48007-3951 

Dear Mr. Groth: 

In a letter to the Health Effects Institute (HEI) dated June 
29, 1984, Volkswagen Of America, Inc. requested that the HEI 
Health Research Committee undertake an evaluation of potential 
health issues related to emissions from diesel automobiles using 
manganese(Mn)-containing fuel additives for particle trap 
regeneration. As indicated in our initial response of July 23, 
1984, your request was brought to the Research Committee at its 
next meeting, which occurred in September 1984. Since then, 
significant work has been underway. 

This letter summarizes the HEI's response to Volkswagen and 
includes a discussion of the known health effects of manganese in 
the context of increased ambient levels of Mn expected with 
implementation of the trap technology. Prior to the technical 
summary, we briefly discuss the statutory and institutional 
frameworks for our response and the process leading to this 
evaluation. 

Framework and Process 

The 
of automo 
the chart 
202(a)(4) 
system or 
or new mo 
standards 
system, o 
unreasona 
operation 

Volkswagen 
bile manufa 
ered role o 
of the Act 
element of 
tor vehicle 
prescribed 
r element o 
ble risk to 
or functio 

(VW) request is relevant to both compliance 
cturers with the Clean Air Act (CAA) and to 
f the Health Effects Institute. Section 
states that "no emission control device, 
design shall be used in a new motor vehicle 
engine for purposes of complying with 
under this subsection if such device, 
f design will cause or contribute to an 
public health, welfare, or safety in its 

n." 

The manganese additive in question is a key ingredient in a 
new technology designed to lower diesel particulate emissions in 



compliance with Federal and California State law. As such, this 
technology is covered by Section 202(a)(4) of the Clean Air 
Act. Volkswagen's concern to remain in compliance and its 
request to the HEI is appropriate. 

The Health Effects Institute operates under the joint 
sponsorship of the Environmental Protection Agency (EPA) and the 
motor vehicle industry to support health research on automotive 
emissions. The HEI undertakes research and evaluations in an 
attempt to develop an objective and commonly accepted database. 
In a letter dated March 20, 1984 to all motor vehicle and engine 
manufacturers, Joseph Cannon, the EPA Assistant Administrator for 
Air and Radiation, and Bernard Goldstein, the EPA Assistant 
Administrator for Research and Development, jointly reaffirmed 
the Health Effects Institute as "the primary mechanism through 
which participating motor vehicle manufacturers discharge their 
health testing responsibilities under Section 202(a)(4) of the 
Clean Air Act." They further urged "that unregulated emissions 
of potential importance be brought to the Health Effects 
Institute's attention in a timely manner." 

In order to meet its obligation to its sponsors, and fulfill 
its role in helping to implement Section 202(a)(4) of the Clean 
Air Act, the HEI conducted an evaluation of manganese under the 
supervision of the Health Research Committee. In its September 
1984 meeting, the Committee discussed the VW request and received 
a preliminary briefing on the toxicology of manganese from Dr. 
Carl Shulz (COSAR, Inc.). The Committee accepted the VW request 
and decided that further analyses were necessary to determine if 
the tailpipe emissions of Mn were of public health concern and 
whether the HEI should sponsor research in this area. Following 
this meeting, the HEI commissioned Roth Associates (Dr. Neil 
Roth, PI) to conduct an in-depth review of the relevant 
literature on manganese. This review included actual replication 
of Volkswagen's modeling predictions on potential Mn-exposure 
levels from the regenerator, additional modeling of other 
emission scenarios not analyzed by VW, plus analyses of the 
health effects literature. The Committee evaluated all of this 
information at its June 1985 meeting. A final review of the 
information in this letter was conducted at the Committee's 
meeting on September 26, 1985. 

Summary of Evaluation 

The evaluation first places projected Mn emissions in the 
context of ambient Mn levels across the United States, and then 
examines the health literature on Mn to establish whether the 
expected incremental levels of airborne Mn from regenerator-
equipped automobiles are of health-related concern. Finally, we 
identify a number of areas in which our knowledge concerning 
exposure and potential effects can be improved. 

To summarize our findings, increased air concentrations of 
Mn resulting from the use of VW's particle trap will not, under 
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1 
any realistic scenario, reach the lowest concentrations that have 
been reported in the literature to be associated with adverse 
chronic health effects. Despite this conclusion, certain gaps 
remain in our knowledge of Mn emissions and effects. These gaps 
primarily involve the particle size distribution and chemical 
species (e.g., MnO?, Mn30^) in which Mn is emitted and how they 
might affect toxicity. The gaps in emissions characterization 
are best dealt with by the manufacturers directly as more 
experience is obtained. 

Manganese: Ambient Levels and Automobile Emissions 

Manganese is the twelfth most abundant element on earth, and 
is found mainly in oxide or carbonate form as a natural 
constituent of soil and water. As such, Mn is a component of 
background aerosol that winds, waves, and other natural processes 
generate. Manganese is also found in a wide variety of foods 
(Table 1), and is considered essential for normal health. Food 
accounts for at least 98% of an adult person's intake of 
manganese (2-9 mg Mn/day) with practically all the remainder in 
drinking products; inhalation, in all but the most polluted 
occupational settings, contributes negligibly to the body burden 
of Mn. 

Monitoring of ambient manganese in the United States started 
in 1953. As a general trend, Mn levels have decreased since that 
time and have remained relatively stable since 1972. Improved 
industrial control processes are believed to account for much of 
the decrease. Quarterly data collected by the National Air 
Surveillance Network (NASN) show that between 1972 and 1982 in 
urban sites, the highest median level of Mn for any year was 
0.034 ug Mn/m3 (1978), and the highest 95th percentile level was 
0.12 ug Mn/m (1972); corresponding values for nonurban NASN 
sites are a median of 0.009ug Mn/m3 (1977) and 95th percentile of 
0.030 ug Mn/m3 (1976,1977). These data, though valuable, are 
regional and tend to obscure the higher local Mn levels that may 
result, for example, from industrial activity, quarrying 
processes, or farming. For example, near foundries, Mn levels 
can typically reach 0.3 ug/m3, and near ferromanganese plants, 
they can exceed 1 ug/m3. EPA Storage and Retrieval of Aerometric 
Data (SAROAD) collected from 1980 to 1982 (Table 2) show that 
many areas experience peak 24-hour Mn levels in excess of 0.1 
ug/m3, and that locations in three states (Indiana, Maryland, and 
Pennsylvania) registered mean 24-hour averages greater than 
0.1 ug Mn/m3. 

The highest exposures to airborne manganese occur 
occupationally in mining operations, ore processing plants, and 
ferromanganese plants (Table 3). The levels in these settings 
may be a thousand times or more greater than the higher ambient 
urban levels discussed earlier. In recognition of the potential 
toxicity of manganese at these extreme occupational levels, 
workplace standards have been set (Table 4). The World Health 
Organization's is the most conservative at 300 ug Mn/m3 time-
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weighted average. In interpreting the meaning of this level, it 
is important to bear in mind that a workplace standard applies to 
a workforce that is presumed healthy and more resilient to 
environmental insult than the population at large. Workplace 
standards are not applicable to the general public, and should 
not be construed as protective of the public's health. 

Without the use of manganese fuel additives, the 
contribution of motor vehicle emissions to ambient manganese 
levels is probably very small. In the 1970's, MMT, a Mn-
containing additive was included in some unleaded gasolines to 
improve octane ratings. Consequently, some efforts were taken to 
estimate and measure the increased-Mn concentrations in air 
associated with the additive's use. Ter Haar et al (1975) 
estimated that the mean urban increment would be 0.05 ug Mn/m3 

With a peak of 0.25 ug Mn/m3 if MMT was in all vehicles and fuel 
concentrations of Mn were 0.125 g/gal. Pierson et al (1978) 
with the use of aerosol sampling, determined Mn levels in the 
Allegheny and Tuscarora Tunnels of the Pennsylvania Turnpike for 
several one-week intervals between 1975 and 1977. (In this 
period, the use of MMT was at its peak; however, in 1978, the use 
of MMT as an additive to unleaded gasoline was terminated.) The 
highest average weekly level inside the tunnels was 0.13 ug 
Mn/m3, and the average for the measurement periods was 0.11 ug 
Mn/m3. The peak use of MMT during the study (1977) resulted in 
an average value of 16 mg Mn per gallon of gasoline in vehicles 
coursing through the tunnels; corresponding Mn-emission rates 
were 0.13 mg Mn/mile. These data suggest that in locations with 
a heavy flow of traffic emitting MMT-derived manganese into a 
confined space, increased manganese levels at roadside may be 
discriminated from background levels. One of the important 
unknowns, and a possible confounding factor in roadside 
measurements, is the extent to which traffic resuspends road 
dusts that contribute to the manganese content of the roadside 
aerosol. 

Volkswagen has proposed to equip its diesel automobiles with 
a particle regenerator system that uses Lubrizol 8220, a 
manganese-containing additive. The system is designed to help 
model 1986 and future automobiles comply with U.S. and California 
regulations for particulate emissions. The emission rates of 
manganese from vehicles so equipped are expected to be 
considerably higher than those associated with MMT use. For 
highway driving, VW estimates that emission rates will range from 
an expected value of 1.38 mg Mn/mile to a worst-case value of 
4 mg Mn/mile; For street driving, expected emissions will be 
3.13 mg Mn/mile with a worst-case value of 10 mg Mn/mile. ' 
(VW had previously estimated that conservatively, Mn emissions 
from MMT could be 0.58 mg Mn/mile. ) The worst-case numbers are 
based on the assumption that all of the manganese metered into . 
the fuel stream -is emitted while the expected values reflect 
realistic Mn retention in the engine and particle filter. 
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Volkswagen has used modeling techniques to project these 
emission rates into manganese concentrations at the side of 
freeways and within street canyons. Assuming 100% penetration of 
the regenerator into the automobile fleet, worst-case traffic 
conditions, and a crossroad wind, VW calculated,using the EPA 
HIWAY-2 model, the Mn concentrations indicated in Table 5. 

The data obtained from such modeling calculations are 
necessary and important for placing the health questions in the 
perspective of expected human exposure. The necessity derives 
from the fact that direct measurements of manganese are not now 
possible since the technology is not yet implemented in the 
active fleet. The modeling results are important because they 
help anticipate whether situations may arise in which manganese 
concentrations achieve levels that are associated with known 
health effects. Given these considerations, the HEI felt it 
appropriate .to independently verify the results from the HIWAY-2 
model. The HEI analyses basically agree with VW's results except 
that, for highways,the most conservative values occur with the 
wind parallel to the roadway (Table 6). With a parallel wind (5 
degrees to the roadway) VW's worst-case highway Mn level would be 
3.60 ug Mn/m instead of 2.00 ug Mn/ra3. 

These modeling exercises produce ceiling estimates based on 
hypothetical situations. These estimates serve a valuable 
purpose in that, once accepted, they provide a reference for 
applying correction factors. Perhaps the most important 
correction factor involves fleet penetration of the manganese 
technology. The California Air Resources Board (CARB) estimates 
that by 1990, between 2.6% and 6.6% of the vehicle fleet will 
have particle traps (values derived from reference #1, Table 
1). Thus, for 1990, one may adjust the worst-case street canyon 
value of 7.6 ug Mn/m3 to between 0.2 and 0.5 ug Mn/m for upper-
bound emission rates of 10 mg Mn/mile, and to between 0.06 and 
0.16 ug Mn/m for expected emission rates of 3.13 mg Mn/mile. 
Likewise, for highways with parallel winds, Mn values at roadside 
will be between 0.09 and 0.24 ug Mn/m for upper-bound emission 
rates of 4 mg Mn/mile, and between 0.03 and 0.08 ug Mn/m3 for 
expected emission rates of 1.38 mg Mn/mile. 

It seems highly unlikely, therefore, that, under 
conditions described, automobiles equipped with the p 
particle regenerator system will contribute more than 
to ambient air. A number of factors, however, still 
attention to provide a more complete picture of manga 
emissions from these automobiles. At present there i 
information on the size distribution of Mn-containing 
in the exhaust or the species of manganese compounds 
emitted. Also, the modeling performed to date does n 
the mode of vehicle operation such as acceleration an 
state driving.— If the properties of Mn emissions are 
those of lead, then the percentage of Mn exhaust may 
the vehicle operating condition and will increase whe 
accelerate from a stop or a low cruise (20 mph) to a 

the 
roposed 
1 ug Mn/m3 

require 
nese 
s no 
particles 
that are 
ot consider 
d steady 
similar to 

vary with 
n vehicles 
much higher 
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speed (60 mph) . This occurs because particles can build' up in 
the exhaust system during steady state driving and are released 
during high load accelerations. If this is the case, then the 
roadside levels of Mn at a section of road where vehicles 
accelerate will be higher than the above calculations indicate. 

Health. Effects of Ma ganese 

At present, there is no indication that health effects are 
associated with chronic exposures of less than 2 ug Mn/m3, a 
value we believe exceeds the highest ambient levels expected with 
use of the regenerator. The effects of greatest concern are 
neurotoxic and respiratory and these have been reported over the 
past several decades in studies of occupational exposure to 
manganese. There are no studies which have investigated whether 
inhaled manganese is carcinogenic in laboratory animals or human 
beings. Manganese administered by subcutaneous, intraperitoneal, 
or intramuscular routes has induced tumors in some studies but 
not in others (reviewed in reference #12). Inhalation studies 
have concentrated primarily on neurotoxic and respiratory 
effects. 

Neurotoxicity: The neurotoxic effects in humans require at 
least several months of exposure and progress from an early 
reversible stage characterized by psychological disturbances to a 
more advanced and irreversible stage marked by a neuropathy that 
has been labeled manganism. This condition resembles 
Parkinsonism in its overt manifestations of a motor disorder, and 
like Parkinson's disease, does involve neural pathways in the 
brain that utilize the neurochemical transmitter, dopamine. 
However, the specific regions of the brain relevant to each of 
the two diseases are different. 

The human clinical and epidemiologic literature suggests 
that neurotoxicity is not strongly indicated until exposure 
exceeds 5 mg Mn/m3 (or 5,000 ug Mn/m3), but that neurological 
symptoms may occur at levels as low as 0.3 mg Mn/m3 (300 ug 
Mn/m3). A possible exception is a study in which Saric et al 
(1977) compared neurologic symptoms among workers in a ferroalloy 
plant (0.3-20.4 mg Mn/m3), an electrode plant (2-30 ug Mn/m3) and 
an aluminum rolling mill (0.05-0.07 ug Mn/m3), the last to serve 
as a control. Their findings show an excess of symptoms in the 
ferroalloy plant and a smaller excess in the electrode plant, 
suggesting an effect between 2 and 30 ug/m3. This study, 
however, suffers from serious inadequacies. The symptom of major 
importance in the electrode plant, tremor at rest, is not 
attributable solely t: manganese and possible confounding factors 
were not studied. Secondly, a number of subjective symptoms di 
not follow a dose-response relation across the three plants, anu 
also failed to do so when the ferroalloy cohort was suD-divided 
into three exposure groups. Finally, statistical analyses of the 
published data were conducted for the HEI (Roth Assoc.) and show 
that smoking alone may explain the differences in symptoms 
between plants. K.-? 
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Animal studies shed little additional light on the 
subject. Only two studies have attempted to study neurological 
or behavioral effects following inhalation of manganese 
aerosol. In neither case were effects reported in monkeys at 

im3 3,14-16 concentrations of Mn304 ranging over lmg/nr 

Respiratory Toxicity: The respiratory effects of manganese 
involve an inflammatory effect or pneumonitis, which may lead to 
diminished pulmonary function, bronchitis, or altered 
susceptibility to infection. The animal research literature 
suggests that chronic pulmonary effects may occur between 100 and 
700 ug/m3. As with the research on neurotoxicity, the * literature 
is limited and difficult to extrapolate to manganese emissions 
from automobiles. 

The 
Manganes 
effect" 
levels 1 
studies 
Exposure 
Levels ( 
(LOAEL). 
potentia 
equivale 
based on 

U.S. EPA, in 
e, considers r 
for manganese 
ower than thos 
in rats and mo 
Levels (HEEL) 
NOEL) and the 
After applyi 

Ily sensitive 
nt NOEL of 5 u 
monkeys; the 

its Health Assessment Document for 
espiratory symptoms to be the "critical 
because respiratory effects are reported at 
e reported for neurotoxicity. Based on 
nkeys, the EPA calculated Human Equivalent 
for studies indicating No Observed Effect 

Lowest Observed Adverse Effect Level 
ng a correction factor of 10 to account for 
individuals, the EPA derived a human 
g Mn/m3 based on rats and 8.7 ug Mn/m3 

LOAEL, based on monkeys is 36.5 ug Mn/m3. 3 

These levels are much lower than those associated with 
respiratory effects in occupational settings. The studies of 
workers exposed to manganese generally show that respiratory 
effects follow exposures in excess of 5 mg Mn/m3. There are 
data, however, from a Japanese study (Nogawa et al, 1973) of 
junior high school students that apparently associate increased 
respiratory symptoms and diminished pulmonary function with 
manganese levels in the NOEL-LOAEL range that EPA calculated. 
The major variable in the study was proximity of the student's 
school to a source of ambient manganese. The source was a 
ferromanganese plant and the students classified as "exposed" 
attended a school 100 meters from the plant. Students in a 
school 7 km from the plant served as controls. Relative exposure 
of the two groups to manganese was primarily determined by the 
amount of manganese in the dustfall at the two locations. The 
investigators estimate that exposure near the plant was 20 or 
more times higher near the plant than at the control site. Air 
samples that were taken 100 m from the plant indicated airborne 
manganese concentrations of 4 ug Mn/ra3. EPA estimated, on the 
basis of analyses of dustfalls near a ferromanganese plant in the 
Kanawha Valley in West Virginia, that the dustfall in the Nogawa 
study may translate to between 3 and 11 ug Mn/m . 

Although participation of the student bodies in the survey 
was nearly complete, several problems remain which prevent this 
study from being conclusive. First, dustfall was used by the 
investigators as the principal index of exposure rather than 
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direct air sampling. It is thus difficult to ascertain the 
amount of dust that, when suspended, contained respirable ^, 
manganese. The quality of exposure information, therefore, is ^ \ 
less than desirable. Also, the authors failed to adjust for '-J 
potential socio-economic factors. Frequently, poorer populations 
with inferior health and medical care are Loc.-.-.ad in more heavily 
polluted areas. Ass; :iated environmental conditions may include 
increased crowding ar. home and increased exposure to indoor 
pollutants, particularly, cigarette smoke. Such factors may bias 
resulting health data and produce inappropriate conclusions. 
Furthermore, pulmonary function was not tested in a blind 
fashion, nor did the investigators appear to have a full 
appreciation of the difficulty in administering pulmonary 
function tests to school children. In addition, there are 
problems with the study's medical questionnaire, an adaptation of 
the British Medical Research Council's Questionnaire (1966 
version). It primarily probed for subjective responses, an 
approach that is difficult to control even in studies of adults. 

Thus, despite the relevance of the exposure levels in this 
study to worst-case manganese levels expected from automobile 
emissions, we believe the data are subject to question. 
Nonetheless, the study stands as the only one on record that 
addresses potential chronic effects of low levels of manganese in 
a potentially sensitive segment of the non-occupationally exposed 
population. The criticism given above suggest that the study 
suffers from methodologic deficiencies, but they do not 
invalidate the reported results. The ambient concentrations of f':\ 
manganese apparently associated with respiratory effects in this v̂.,̂  
study are, according to estimates and limited measurements, 3 to 
4 times higher than the the maximum concentrations expected from 
diesel automobiles under realistic scenarios. However, there are 
no epidemiologic data from the general population that have 
examined for respiratory effects at lower levels. 

Conclusion 

The available data do not indicate that currently 
•anticipated levels of manganese emissions from diesel automobiles 
using Lubrizol 8220 are associated with increased public health 
risks. It appears unlikely that implementation of the 
regenerator, as currently proposed by Volkswagen, will result in 
an increase of more than 1 ug Mn/m3 in ambient air; airborne 
manganese concentrations from other sources rarely exceed 
0.1 ug Mn/m3. Inhaled manganese is capable of producing health 
effects, specifically neurotoxic and respiratory, but none of 
these have been demonstrated at the maximum ambient levels 
expected with implementation of the trap technology into the 
light duty fleet. Despite an apparent margin of safety between 
maximally expected manganese concentrations and the lowest levels 
at which effects may occur, additional information is necessary 
to reinforce a conclusion that no health effects are expected. 

I ':\ 
KJ> 
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t the extent and region of pulmonary 
nd a description of the chemical form of 
rtant in case its toxic effects are a 
tate. The Health Research Committee 
must continue its efforts to 
ssions over a range of engine'operating 
the data to all interested parties. 

As discussed in this letter, the data base on the health 
effects of manganese is not as complete as one would prefer. 
Because manganese is essential for normal health, it is 
reasonable to expect that there are threshold levels below which 
health effects are not expected. The range of that threshold and 
how it may vary for different subpopulations are not currently 
known with any accuracy. With the exception of the study by 
Nogawa et al, the available evidence does not implicate manganese 
in adverse effects until it achieves levels between 100 and 1000 
micrograms per cubic meter; using CARB estimates for fleet 
penetration of the trap technology, ambient levels of Mn will 
remain below 1 ug Mn/m3. As mentioned, the Nogawa study cannot 
be overlooked despite its methodological problems, and perhaps a 
reanalysis of the study design and raw data would clarify its 
results. 

The EPA issued a decision on August 13, 1985 not to regulate 
manganese as a hazardous air pollutant under Section 112 of the 
Clean Air Act. However, the Agency also intends to continue to 
monitor research activities, "and will reinstitute assessment if 
warranted by the results of that research." The Health Effects 
Institute endorses such flexibility and stands ready to 
reevaluate this issue as new relevant scientific and 
engineering data emerge or the use of the manganese technology 
expands beyond currently anticipated levels. 

Please feel free to contact the HEI if you have further 
questions concerning the issues in this letter or any new 
concerns that may arise. We thank you for your interest. 

Sincerely, 

Thomas P. Grumbly 
Executive Director 

cc: HEI Health Research Committee 
Mr. Stanley Blacker 
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Table 1 

Manganese in Foods3 

Food 

Whole wheal, seed 

Bread. »hite 
8rea~, whole wheat 

Oatmeal 

Corn neal 
Macaroni, dry 
Crapenuis 

Milk, whole 
Milk, dry skimmed 
Butter 
EKS. »hole 

Beef, roasting 
Lamb chops, lean 
Chicken breast 

Halib-j: steak 
Scallccs. fresh 
Clams, "'resh frozen 

Cod liver oil 

Corn oil 
Safflower oil 

Manganese 
{wet weight, pg/g) 

11.32 
1.78 
1.43 

2.72 
2.05 

10.56 
30.76 

0.19 
0.00 
0.96 
0 J 3 

0.05 
0.34 
0.21 

0.12 

o.n 
0.00 

4.95 
1.00 
0.00 

Food 

Raisins, package 
Apple 
Orange 
Peach 

Pecans 
Peanuts, salted 

JpTnaeh, fresh 
Beets, fresh 
Beans, canned 
Peas, fresh 
Tomatoes, canned 

Black pepper 
Cloves 
Cartic powder 
Coffee, ground 
Ccffes, infusion 
Tea. leaves 

Tea, infusion 

Manganese 

(wet weight, pg/g) 

4.68 

0.31 
0.35 
1.02 

35.09 
6.91 

7.77 
0.41 
0.24 
0.64 
0.30 

47.48 
262.S6 

0.45 
20.65 

0.8S 
275.58 

6.9 

"Selected from Schroeder et al. (1966), Table 6, pp. 551-552. 

from Coooer, 1984 
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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

WASHINGTON. O.C. 20460 v } 

OFFICE OF 

Hon. William D. Ruckelshaus 
Administrator 
U.S. Environmental Protection Agency 

.401 M S t r ee t , S.W. 
Washington, D.C. 20460 

Dear Mr. Ruckelshaus: 

The Environmental Health Committee of EPA's Science Advisory Board has 
conpleced i t s review of the Health Assessment Docunenc for Manganese, prepared 
by the Office of Health and Environmental Assessment (OHEA) in EPA's Office 
of Research and Development (EPA-600/8-83-013; June, 1983; External Review 
Dra f t ] . The draft document was prepared for Agency-wide use to place hea l th 
e f f ec t s associated with th is pol lutant in perspective. I t w i l l serve s p e c i f i 
c a l l y as a sc i en t i f i c basis for regulatory decisions by the Office of Air and 
Radiat ion. 

The Committee referred the task of preparing i t s report to i t s Metals ' 
Subcommittee. The l a t t e r panel met for th is purpose on October 23, 1984, and 
i t s report i s attached to th is l e t t e r . The Committee fully concurs with the 
Subcommittee's evaluation. 

The Committee agrees with the major conclusions in the draf t heal th assessment 
document. Specif ical ly , i t concurss with the position that nanganese i s a s s o c i 
ated with tvo health effects in humans. These include: 

(1) pulronary symptoms, defined as e i the r an inflammatory response a t 
high manganese exposures or an increased suscep t ib i l i t y to pulmonary 
diseases with low, chronic manganese exposures. 

(2) neurological signs and symptoms characterized by both psych ia t r i c and 
movement disorders. 

The Committee questions the document's conclusion, however, t ha t pulmonary 
e f f ec t s occur a t lower exposures than do neurologic e f fec t s . 

In addi t ion, the Conmittee finds evidence chat nanganese may be a mam
malian mutagen, according co the c r i ce r i a established by the National Academy 
of Sciences. Alchough manganese i s an essent ia l t race element, the l i t e r a t u r e 
does noc indicate whether or not inhaled manganese contr ibutes to nu t r i c iona l 
needs. 

v.. 
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At che cine of ics review the Committee suggested chat OHEA staff 
obtain more detailed technical comments from individual members. Following 
chis consultation, the Conmittee agreed to prepare a formal report of its 
scientific review of che document. In addition to these consultations, the 
revisions to which OHEA staff agreed to make on November 10, 1983 include: 

(1) to reorganize the review of neurotoxic effects with a more 
critical viewpoint, .and to insure that the documenc is consistent 
with the current neuroscience data and literature. 

(2) to focus attention on the few studies in which both pulmonary 
and neurotoxic effects were examined. 

(3) to provide diagrams of nervous system structures and processes 
deemed to be the sites of manganese neurotoxicity. 

(4) co define better the biologic nature of the nervous system effects 
of manganese (so-called manganism), which was treated inconsistently 
in the texc. 

(5) to incorporate the information fron several papers noc referenced 
in the documenc, as suggested by the Committee. These papers 
are described in the enclosed technical comments. 

(6) to provide additional information in those tables summarizing health 
effects. The new infonnation would set ouc: 
(a) the nature of the effect, in brief descriptive terms. 
(b) the ninimun level of exposure that led to the observation of 

statistically significant health effects, if effects were 
observed. 

(c) the maximum level of exposure thac produced no significant 
effeces, if any levels of exposure did not elict healch 
effeccs. 

Additional Cechnical commencs are reporCed in the attached paper. A separate 
set of comments from individual Commitcee members have previously been transmlcted 
Co OHEA. We appreciate che opportunity to provide our scientific advice on this 
issue and request chat tha Agency formally respond to our letter. We stand ready 
to provide any further review thac is requested. 

Sincerely, 

Herschel E. Grifl 
Chair, Environmental alth Committee 

Norton Nelson, Ph.D. 
Chair, Executive Committee 

cc: Alvin L. Aim (A-lOl) 
Joseph A. Cannon (ANR-443) 
Bernard D. Goldstein (RD-672) 
John A. Moore (TS-738) 
Jack E. Ravan (WH-556) 
Milton Russell (PM-219) 
Lee H. Thomas (WH-562A) 
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TECHNICAL COMMENTS BY THE EMVlRONMENTAL HEALTH COMMITTEE / ^ » 

RECARDING EPA's DRAFT HEALTH ASSESSMENT DOCUMENT FOR MANGANESE 
A\ 
v ~J 

The Environmental Healch Committee of EPA's Sciance Advisocy Board has 
conpleced i c s review of a draft Health AssessmenC Docunenc for .Manganese 
[EPA-600/8-33/013: June, 1983; Excernal Review Draf t ] , which was prepared by 
the Office of Health and Environmental Assessment in the Office of Research 
and Development. 

The Committee agrees with the pos i t ion in the draft document that man
ganese can e l i c i t pulmonary and neurologic e f f e c t s in humans. The Committee 
quest ions the Agency's f inding, however, chat pulmonary e f f e c t s occur at l over 
exposure l e v e l s than do neurologic e f f e c t s . 

The document r e l i e s too heavily on a Japanese epidemiologic study of 
pulmonary e f f e c t s in children l i v i n g near a fernomanganese processing plant . 
Due to confounding f a c t o r s , such as the proximity of hone s i t e - t o the p lant , o ther 
pol lutancs in che exhausc, passive smoking, or socioeconomic scatus , variables 
other than exposure to manganese could explain the r e s u l t s . The manganese 
exposure l e v e l s at which e f f ec t s are recorded in the Japanese study appear 
i n c o n s i s t e n t with Che l eve l s aC which pulmonary e f f e c c s were recorded in other 
experiments. For such reasons, the sCudy does noc provide a su f f i cenc ly 
scrong s c i e n t i f i c basis to support the conclusions in che document. The p u l 
monary e f f e c t s noted in these children might a l s o be due to other compounds 
i n the emiss ions . 

r** 
The Committee finds that manganese i s a poss ib le nammalian mutagen accord-^. . / 

ing to the c r i c e r i a establ ished by the National Academy of Sciences . 

Although manganese i s an e s s e n d a l trace element, i c i s not c lear froa 
Che l i t e r a t u r e whether inhaled manganese i s ava i lab le as a nutrient . Inhaled 
manganese may by-pass chose processes by which manganese becomes ava i l ab l e for 
n u t r i t i o n . Data are avai lable in humans and dogs regarding lung retent ion of 
manganese. The Agency should use these daca to est imate depos i t ion and ab
sorpt ion . 

The ConniCtee has various comments on the exposure s e c t i o n s of che draft 
document. A s c i e n t i f i c explanation i s needed on the choice of var iables in 
the exposure equation given in terns of rag/day; ne i ther i s mg/day a concentra
t i o n . No evidence i s presented to support che concept that breathing rate 
determines uptake. The deposi t ion fract ion i s not constant among d i f f eren t 
s p e c i e s . Also , body surface area Is noc a good bas i s for convert ing i n h a l a t i o n 
doses between s p e c i e s . Since lung retention can be ca lculated from the s t u d i e s 
by Morrow e t . a l . , (see reference below) Che Agency can c a l c u l a t e lung accunulacion 
Fron ch i s information, an equilibrium lung concencraclon can he estimated from am
bient concentrat ions and part ic le s i z e s . The Committee reconnends that che docunen 
provide a i r concencracions, raCher chan CoCal uptake per Clme period, to the excenc 
chac che ava i lab le daCa e x l s c . The discuss ion of exposure a l so needs to address th 
e f f e c t of p a r t i c l e s i z e upon uptake by inha la t ion . F i n a l l y , I t i s noc c l e a r chac 
the t e n "Ci" chac i s used In the text Is an a i r concentrat ion. An explanat ion 
for t h i s cam and i t s use should be presented. 

o 
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Hijr.an equivalent intake rate (-"HEI" in the text) is equal to tne ancur.c of 
manganese inhaled by the experimental animal per day, corrected by a factor 
supposedly reflecting body surface area. Apparently, this factor is introduced 
to correct for differences in the fraction of manganese deposited in the respi
ratory tract between aninals and hurra/is. No scientific justifications are 
presented for the assumptions (see page A-2) that particulate matter is absorbed 
and retained proportional to the breathing rate, and that the retained fraction 
is the same for all species. 

in calculating health effects associated with manganese exposures, there 
are tvo relevant dose factors. These include: 1) the dose to the lung which 
is determined by deposition and clearance of the inhaled manganese, and 2) tha 
dose to the central nervous system which is based upon transfer rates from the 
lung. Because of unknown differences in the sensitivity of inhaled manganese 
between rodents and humans, the extrapolation of effects to the human lung frcn 
rat inhalation studies is speculative. Likewise, the calculation of dose to the 
central nervous system in the absence of data on the metabolism of inhaled man
ganese and the transfer rates frcm the lung to the central nervous system lacks 
scientific support. 

Since it can be assumed that deposition in the lung and subsequent clearance 
and metabolism of manganese in primates will best resemble these processes in 
humans, the most relevant data is that reported in studies of nonhuman primates. 
Differences in particle sizes (experimental study versus ambient air) and in 
the chemical species of manganese have to be considered in making such compari
sons. If manganese dioxide (as used in some prinate studies) occurs, in ambient 
air, for example, the dose (D) in micrograms, deposited per day in monkeys, 
could be estimated from the following formula: 

•° - f,c'W1440-
where f= fractional deposition (dependent on aerodynamic particle 

site, in the alveolar region). 

C = concentration of inhaled manganese (in micrograms per liter). 

V"min = minute Ventilation (in liters per minute). 

1440 = minutes in one day 

Knowing the half-time for clearance of manganese dioxide from the lung 
(T]/2 = 62 days; Morrow, 1964) one can calculate the accumulated amount (At) 

of manganese in the lung according to: 

(1 - e " b t) 
A t = D 

b 

where b = ln 2 = 0.011, 
Tl/2 

and for continuous chronic exposure at a given concentration this expression 
becomes: 

An= D (equilibrium value in lung). 
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Far pulmonary effects, assuming thac che concentration of manganese in 
the lung is the sane in monkeys and humans, it is possible to calculate the 
accumulated amount for human lungs. With the equilibrium value (A«) of nan
ganese in human lungs, one can further attempt to estimate an ambient exposure 
concentration of manganese, taking inco account differenc fraccional deposition 
values for the particle sizes occurring in the ambient air. 

This discussion is only a general outline of an attempt to arrive at an 
human equivalent exposure level. Many questions, however, remain unanswered and 
need further evaluation, including the use of results from nonprimate species 
(especially rodents), manganese compounds of differenc chemical form, trans
fer rates to the brain for inhaled manganese, and aleveolar compared to pulmonary 
dose. 

\_.J> 

The reproductive effects section i s unclear and needs be t te r organizat ion. 
The Committee suggests that a l l information about male (versus female) exposures 
should be integrated inco one section. Studies that lead to negative conclusions 
need to be addressed wich core consistency. Also, the reader wil l be confused by 
evaluat ions of some scudies that wander from reporting apparent posi t ive r e s u l t s 
to a finding that effects were absent. The poss ib i l i ty of indi rec t effects of 
manganese stemming from endocrine mechanisms should be addressed. 

The Conmittee's review of the document has highlighted one deficiency in 
the l i t e r a t u r e which could be remedied through research. This pertains to the 
correspondence in t ine of pulmonary and neurologic end points in response to i n 
haled manganese. Further research on th i s issue would hopefully resolve the 
quest ionable conclusion (see page A of the Agency's Issue paper for manganese) 
t ha t pulmonary effects occur ac lower exposures than do neurotoxic e f f e c t s . 

_•' 
Some additional key liceracure citations which che Agency should 

reference include J 

(1) P.E. Morrow, F.R. Gibb and K. Gazioglu, "The Cle arance of Dusc From 
the Lower Respiracory of Trace of Man: An ExperinenCal Scudy," in 
Inhaled Parcicles and Vapors II, C.N. Davies, ed., (1965), pp. 351-358. 

(2) P.E. Morrow, F.R. Gibh and L. Johnson, 
Dust From the Lower Respiratory Tract," 
543-555. 

'Clearance of Insoluble 
Health Physics, 10 (1964), 

In addition, Dr. Weiss provided OHEA with a reference to a paper by Van Bogaert 
& Dallemagne thac represencs che firsc study of nanganese inhalation wich 
primates. 

The Appendix Co the document, which discusses various issues related to 
Acceptable Daily Intake (ADI) levels for manganese, should be revised or deleted. 
OHEA may wish to follow-up wich individual Conmitcee members to review their 
concerns over the conversion of ADI's usin(<; various routes of administration as 
well as other issues. 

-3- KJ 
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Distribution of Trace Elements in Human Hair .-, ,.e- «. 
r-r-t>e.( 'ui tv 

Howard H. Sky-Peck | f l T l -, , . T ; ... 

Depanment of Biochemistry, Rush Presbyterian-St. Luke's Medical Center. Chicago. III., "JSA 

Key Words- Human hair • Trace elements • X-ray fluorescence • Hair treatment • Age • 
Sex • Race • Environment 

Abstract. Scalp hair has been successfully used m forensic medicine, screening popula
tions for heavy metal poisoning, and for monitoring environmental pollutants. However, its 
use for the diagnosis of the individual for disease or nutritional status has been questionable. 
This is primarily due to the large individual differences associated with age, sex, race, hair 
color, hair treatment, and environmental exposure. 

Introduction . 

Considerable interest has been shown in 
the past 10 years in the analysis of trace ele
ments in human hair. It has become increas
ingly popular for the evaluation of systemic 
intoxication, for predictions of exposure to 
environmental pollutants, for the assessment 
of nutritional status, and for the diagnosis of 
disease states. The popularity of hair as a tis
sue specimen resides, in part, in the ease 
with which samples can be obtained without 
pain or trauma to the individual, important 
when sampling large populations, and in the 
relative stability of specimens which require 
no special equipment or storage conditions 
except to prevent postsampling contamina
tion 11-3]. 

These properties, coupled with the sensi
tivity of newer analytical techniques, includ

ing atomic absorption, neutron activation, 
and X-ray fluorescence, have been partly re
sponsible for this current surge of applied 
research on trace elements in hair. In spite 
of these advantages, the ranges of values 
reported for many ofthe trace elements found 
in hair have varied widely. The reasons for 
this include sampling techniques, sample 
preparation, external contamination arising 
from hair treatment such as shampoos, cos
metic preparations, and atmospheric fallout. 

The present study was undertaken to de
termine the extent to which these various 
parameters affect the wide range of values 
found in a population of healthy individuals. 
These included age, sex, race, hair color, hair 
treatment, and environmental contamina
tion. Not included in this study were the 
effects of smoking (4", and oral contracep
tives [5]. 
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Materials and Methods 

Scalp hair was generously donated by 987 healthy 
individuals of both sexes, ranging in age from 3 to 70 
years. These individuals were primarily employees of 
the Rush Presbyterian-St. Luke's Medical Center, 
Chicago, or family members. All individuals lived in 
Cook County, III. Six strands of hair were obtained 
from the crown of the head of each individual. Hair 
was pulled out with the root and stored in 10 X 15-cm 
polyethylene zipper-locked bags. 

One of the problems encountered in the use of 
scalp hair for trace element analysis has been external 
contamination which may arise from application of 
shampoo, water used for hair washing, cosmetic prep
aration, and atmospheric fallout At present there is 
no standard procedure established for the collection 
and preparation of hair samples for trace metal anal' 
ysis [6]. Many authors have suggested that hair sam
ples be washed prior to analysis. However, the wash
ing procedure to which hair is subjected should re
move only the external contaminations and not inter
nal metal ions. Various washing techniques have been 
reported and range from no washing at all [7] and the 
use of only distilled water (8] to various ethylene-
diaminetetraacetic acid solutions (9) and various de
tergents plus solvents [10] or only solvents [II]. The 
procedure adopted for the present study *»s a mild 
detergent, an isopropanol rinse, followed by a dis
tilled water rinse. Prior to analysis the hair was 
washed in an anionic detergent (1% sodium tauryt 
Sulfate), distilled water, isopropanol distilled water 
and air-dried in a laminar flow hood. The dried 
strands of hair, oriented in the same direction accord
ing to the root, were suspended as a bundle of parallel 
unidirectional strand; across a 5 X 5-cra Lucite plas
tic holder containing a centered 2.5-cm hole and held 
in place by a 2.5-cm Teflon ring. This simple holder 
made possible serial determinations of trace elements 
along the length ofthe hair with minimal risk of con
tamination. The mounted samples were placed in the 
sample chamber of the energy-dispersive X-ray fluo
rescence (EDXRF) system which was then air-eva
cuated prior to analysis. 

This quantitative EDXRF system has been devel
oped for the rapid simultaneous multielement analy
sis of microsamples. When excited by an appropriate 
source, a sample will emit X-rays of discrete energies 
that are characteristic for the elements composing the 
sample. By measuring the energies of X-rays emitted 

from the excited sample and counting the number of 
X-rays of each energy, the EDXRF system allows the 
identification and quantification of the elements 
present in the sample. The entire system, including 
excitation source, pulse processor, silicon-drifted lith
ium detector, and computer system, was obtained 
from Kevex, (Foster City, Calif, USA). The princi
ples and description of the EDXRF system have pre
viously been described by Sky-Peck and Joseph [12. 
13]-

In order to quantitate the energy emission peaks 
for the vinous elements in hair and to establish a 

Table 1. Effect of hair washing on the distribution 
of trace dements' 

Sulfur (mg/g) 

Calcium 

Iron 

Nickel 

Copper 

Zinc 

Selenium 

Bromine 

Strontium 

Chromium 

Manganese 

Arsenic 

Mercury 

Lead 

Rubidium 

Unwashed1" 

40.5 ±7.3 

550*348 

19.325.9 

1.15x0.82 

21.8x5.1 

17l.7±59.2 

0.61 ±0.34 

4.90 r 4.10 

18.9x23.0 

1.56 = 0.74 

1.35±1.19 

0.55 ±0.54 

U7.z0.74 

6.4 (±4.40 

0.98 = 0.58 

Washed* 

42.3*8.0 

402 = 296 

18.3±5.2 

1.2220.51 

2l.3±6.3 

150.0 + 58.5 

0.62 ±0.27 

3.30 +2.20 

17.1 ±22.6 

1.60 + 0.49 

1.4t_tl.02 

0.55+0.50 

1.20 = 0.94 

5.96 ±4.92 

0.78+0.47 

Pc 

0.5 S 

0.25 

0.18 

0.82 

0.80 

0.35 

0.95 

0.25 

0.85 

0.85 

025 

1.00 

0.90 

0.82 

0.80 

• Analysis of identical hair samples before aad after 
washing with detergent, distilled water, and isopropa
nol. 
' Mean z SO of samples from 24 individuals (pg/g 
dry weight). 
c Student's t distribution and chi-square probability. 

http://U7.z0.74
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calibration file of elemenu for computer storage, in
ternal standards of each element under investigation 
were added to a protein solution similar in composi
tion to that of hair. Five micrograms per milliliter of 
solution was added in groups such that there was no 
interference between elements. The element stan
dards used were calcium, titanium, vanadium, 
chromium, manganese, iron, nickel, copper, zinc, ar
senic, selenium, bromine, rubidium, strontium, yt
trium, zirconium, molybdenum, mercury, and lead. 
to cover the entire energy range of 0-22 ktV. Five-
microliter aiiquots of these standard solutions were 
dried on Formvar films and analyzed under the same 
conditions employed for hair. Prior to the analysis of 
the area of each peak and quantitative determination 

of the elements present in the sample, the effects of 
background scatter were subtracted directly from tre
acquired spectra by computer. 

Results 

Prior to the initiation of the present 
study, identical strands of hair, obtained 
from 24 individuals, were analyzed before 
and after washing as described in Materials 
and Methods. The results of this washing are 
presented in table 1. These results show that 
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Table 2. Mean distribution (+. SD) of trace elements in hair according to sex (ug/g dry weight) 

Sulfur (mg/g) 

Calcium 

Iron 

Nickel 

Copper 

Zinc 

Selenium 

Bromine . 

Strontium 

Chromium 

Manganese 

Arsenic 

Mercury 

Lead 

Rubidium 

Males 
(n-455) 

38.2 = 6.4 

501.4 + 394.0 

14.1 ±10.3 

0.76+0.76 

19.90*9.8 

189.1+39.3 

0.72 ±0.32 

4.40 = 3.60 

6.40± 12.40 

1.16 + 0.66 

1.14 = 0.65 

0.50 ±0.61 

1.03 ±2.40 

12.44± 15.01 

0.74 + 0.33 

Females 
(n-512) 

36.1 ±6.4 

1.280 ±1.130.5 

U.S ±9.9 

1.09±1.10 

23.9+16.2 

194.4 ±43.2 

0.58=0.23 

2.14+1.81 

6.50 = 6.10 

1.01=0.62 

1.17+1.27 

0.38 ±0.80 

0.89 ±0.58 

7.25 = 11.80 

0.74 ±0.40 

P-

0014 

0.0001 

0.043 

0.005 

0.025 

0.023 

0.0004 

0.0001 

0.47 

0.56 

0.43 

0.13 

0.28 

0.005 

1.00 
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• Student's t distribution and chi-square probability. 
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the mild hair washing used in this investiga
tion had no statistically significant effect on 
the levels of trace metals found in the hair. 
On the other hand, commercially available 
shampoos which contain chelating agents 
caused the release of significant amounts of 
calcium and iron. 

There were significant differences in the 
distribution of trace elements in hair with 
respect to sex. as seen in table 2. The sulfur, 
iron, and selenium contents were lower in 
females, while calcium, nickel, copper, and 
zinc levels were significantly elevated. How

ever, some of these differences such as in sul
fur, calcium, nickel, and zinc may in pan 
actually reflect hair treatment by women. 
Some of these effects of hair treatment are 
presented in table 3. Both peroxide bleaches 
and permanent-wave mixtures markedly al
tered the contents of sulfur, calcium, iron, and 
nickel in hair. In addition, peroxide affected 
zinc levels, and permanent waving increased 
copper and arsenic levels. These changes due 
to hair treatment not only complicate the 
interpretation of results due to sexual differ
ence, but also nutritional interpretations. 

Table 3. Mean distribution (+ SD) of trace elemenu in hair according to hair treatment (females; ug/g dry 
weight) 

43 

IT" 
28~" 

005 

0 0 ~ 

Sulfur (rag/g) 

Calcium 

Iron 

Nickel 

Copper 

Zinc 

Selenium 

Bromine 

Strontium 

Chromium 

Manganese 

Arsenic 

Mercury 

Lead 

Rubidium 

• Student's t 

Natural 
(n - 86) 

36.8 + 4.9 

986 ±643 

11.6 = 5.4 

0.70 ±0.48 

2l.4 = 7.l 

194.6 ±39.6 

0.55+0.18 

2.15±1.8 

5.69 + 4.0 

0.99 ±0.42 

1.13 = 0.56 

0.33 ±0.44 

0.87=0.48 

5.51 ±5.97 

0.74 = 0.41 

distribution and chi-square 

Peroxide 
(n - 67) 

31-0 = 4.8 

2.019=1.446 

8.1 ±2.3 

0.68 = 0-26 

20.1+11.5 

124.9x83.3 

0.37=0.12 

1.42 ±0.37 

5.56 = 5.36 

0.89=0.31 

095 + 0.68 

0.19 = 0.14 

1.09 = 0.79 

3.87 = 3.70 

0.53 = 0.24 

probability. 

P 

0.006 

0.0004 

0.03 

0.31 

0.33 

0.0001 

0.35 

Oil 

0.46 

0.25 

0.30 

0.17 

0.13 

0.21 

0.07 

Pernianenl 
(n - 54) 

40.7 = 6.7 

2.358 = 2,235 

14.7 + 6.2 

3.18=1.5 

26.0=5.6 

210.6*43.3 

0.53 = 0.16 

1.96=0.21 

550 + 3.10 

0.96 = 0.29 

1.34 = 0-41 

0.81=0.47 

0.7O + 0.44 

8.1=5.4 

0.63 ±0.32 

P1 

0.02 

0.0003 

0.05 

0.0001 

0.02 

0.12 

0.37 

0.36 

0.45 

0.41 

0.12 

0.001 

0.14 

0.08 

0.20 
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Differences in natural hair color also 
played a significant role in the interpretation 
of the normal distribution of trace element 
values. Comparisons between female natural 
blonds, brunettes, and redheads arc shown 
in table 4. Blonds had significantly less iron 
and manganese than brunettes, while red
heads had more chromium, copper, and zinc 

and oriental females indicated some statisti
cally significant differences in trace element 
concentration between the races. These are 

present in table 5. Striking differences be
tween Caucasians and blacks were found with 
increased levels of calcium, iron, nickel, 
chromium, manganese, arsenic, and lead in 
blacks. Here again, some of these apparent 
racial differences may in part be a reflection of 
hair treatment and environmental exposure. 

Separating individuals according to age 
#rnuns. 3-20 and 58-70 years, indicated a 
zinc, selenium, and strontium content wun 
the older age group. Contrary to the findings 
of Nechay and Sunderman [14], nickel was 

latter. 
In 
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Table 4. Mean distribution (± SD) of trace elements according to hair color (females; ug/g dry weight) 

Manganese 

Arsenic 

Mercury 

Lead 

Rubidium 

Brunettes 
(n - 32) 

Blonds 
(n - 30) 

1.03 = 0.54 0.72x0.31 0.04 

0.30 ±0.61 0.30 = 0.25 1.00 

1.00 = 0.56 0.99 = 0.58 0.31 

3.44 ±2.90 6.60 ±5.70 0.03 

0.79 = 0.39 0.72=0.35 0.44 

' Student's t distribution and chi-square probability. 

Redheads 
(n - 30) 

1.18=0.54 

0.39 + 0.48 

0.63 = 0.31 

4.80 = 3.56 

0.70=0.48 

9* 

Sulfur (mg/g) 

Calcium 

Iron 

Nickel 

Copper 

Zinc 

Selenium 

Bromine 

Strontium 

Chromium 

36-8 ±5.3 

953.6x778.6 

96 + 2.4 

0.53 ±0.26 

17.3 = 4.2 

187.9 = 39.0 

0.S8 + 0.21 

1.64=0.83 

5.25 = 330 

1.12 = 0.43 

35.8 + 3.7 

768.0x462.3 

7.6 = 1,4 

0.44=0.20 

17.2 = 3.6 

181.4 = 38.3 

0.53 + 0.15 

1.53 + 0.61 

3.80=1.4 

0.90=0.44 

0.29 

0.23 

0.007 

0.15 

0.47 

0.33 

0.30 

0.41 

0.08 

0.09 

38.5 = 4.5 

937.4=686.7 

17.g = 6.8 

0.75=0.35 

24.2 = 8.2 

211.8 = 32.1 

055=0.19 

1.25 ±0.69 

5.35 = 3.15 

095 ±0.41 

0.16 

0.48 

0.0001 

0.02 

0.0014 

0.03 

0.33 

008 

0.45 

0.12 

0.21 

0.32 

0.01 

O.U 

0.27 

Sul. 

ff1 
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significantly elevated with age in this popu
lation. The results are presented in table 6. 

In addition, comparisons were made be
tween natural color hair and gray hair ob
tained from the same individuals. These 
data, obtained from 146 individuals, as 
shown in table 7, were subjected to paired 
analysis by the Student's i test. There are no 
significant differences in the trace metal con
tent of natural or gray hair obtained from the 
same individual. 

Long strands of hair, obtained from 16 
healthy young ladies whose only hair treat

ment was shampoo and brushing, were seri
ally analyzed at 2.5-cm intervals, starting at 
the root. The results, similar to those re
ported by Valkovic ct al. [I 5] and Yukawa 
et al. [16], arc shown in figure 1. The ele
ments zinc, copper, iron, selenium, and sul
fur were relatively constant throughout the 
hair length; lead, nickel, manganese, cal
cium, and strontium significantly increased 
in concentration as a function of distance 
from the root. These changes with length 
were interpreted to indicate environmental 
exposure as a function of time which was 

Table 5. Mean distribution (= SD) of 

Sulfur (mg/g) 

Calcium 

Iron 

Nickel 

Copper 

Zinc 

Selenium 

Bromine 

Strontium 

Chromium 

Manganese 

Arsenic 

Mercury 

Lead 

Rubidium 

Caucasian 
(n - 86) 

36.8 = 4.9 

986.3 = 642.8 

11.6 = 5.4 

0.70=0.48 

2I.4±7.I 

194.6 = 39.6 

0.55=0.18 

2.15 = 180 

S.69 + 4.00 

0.99=0.42 

1.13x0.56 

0.33=0.44 

0.87 + 0.48 

5.51 ±5.97 

0.74x041 

* Student's t distribution and chi-square 

race elements in hair according to race 

Black 
(n - 60) 

32.5 ±8.7 

1.550=1,132.2 

20.9x99 

2.16 = 1.50 

21.8=11.2 

181.8 = 68.9 

0.62 ±0.29 

2.49 + 1.37 

6.73 ±5.10 

1.48+0.71 

1.68 ±1.05 

1.10=1.58 

0.40 = 0.44 

28.40 + 32.40 

0.51=0.24 

probability. 

P 

0.005 

0.005 

0.0001 

0.0001 

0.43 

0.16 

0.37 

0.21 

0.17 

0.0003 

0.003 

0.002 

0.0001 

0.0001 

0.008 

(females; ug/g dry 

Oriental 
(ft - 45) 

36.5 = 4.3 

468.2 = 267 

7.5 = 2.0 

0.45=0.19 

15.4+5.4 

197.6 = 33.0 

0.65 = 0.21 

1.87-1.0 

3.3 = 2.3 

0.88=0.29 

0.68=0.36 

0.15=0.18 

0.81+0.45 

1.56=1.47 

0.66=0.38 

weight) 

P1 -

0.41 

0.002 

0.002 

0.03 

0.0O2 

0.39 

0.04 

0.28 

0.03 

0.11, 

0.002 

0.07 

0.33 

0.005 

0.24 
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f 
not easily removed by mild washing prior to 
analysis. 

The concentration of lead and strontium 
in the hair of those individuals living in the 
Greater Metropolitan area of Chicago were 
grouped according to residence by zip code. 
Individuals who lived in the city and used 
lake water had a much higher lead to stron
tium ratio than individuals who lived in the 
suburbs and used well water which con
tained higher strontium levels compared to 
lake water. Those individuals living near 
large industrial complexes, as Gary, Ind.. 

USA, or in older communities, where lead 
plumbing and lead-based paint exist, had 
higher levels of lead than those living in non-
industrial residential communities. The dis
tribution of lead and strontium in hair ac
cording to location of residence in the 
Greater Metropoliun Chicago area can be 
seen in figure 2. These results are similar to 
those reported by Creason et al. [4] in Metro
politan New York and by Chatt et al. [ 17] in 
Toronto, Ont.. Canada. 

During the course of the present study it 
was noted that certain individuals had exces-

K* 

Fig. I. 
menu as a 

T«ble6. Mean distribution (+ SD) of trace elements 

Sulfur (mg/g) 

Calcium 

Iron 

Nickel 

Copper 

Zinc 

Selenium 

Bromine 

Strontium 

Ch;-omium 

Manganese 

Arsenic 

Mercury 

Lead 

Rubidium 

• Student's ( 

Age groups 

3-20 years (n -

37.5 = 4.4 

600.9 = 220.0 

10.4 = 3.6 

0.46 = 0.24 

18.3 = 5.5 

187.3*39.4 

0.62 = 0.18 

1.49=0.93 

3.13=0.92 

1.03=0.43 

0.89=0.37 

0.25=0.23 

0.63 ±0.37 

4.10=2.9 

0.61=0.28 

distribution and chi-square probabi 

60) 

ity. 

n hair as a function of age (ug/g dry 

58-70 years (n - 60) 

3I.9±4.4 

298.1 = 190.5 

10.5 = 1.9 

0.76=0.33 

17.3 = 53 

I72.1±46.8 

0.56=0.14 

6.80 ±4.7 

l.78±0.81 

1.21 ±0.63 

1.04 + 0.40 

0.34 + 0.26 

051=0.19 

16.10x12.5 

1.19 = 0.81 

weight) j 

P" 

i 

0.007 

0.003 

0.47 

0.02 

0.15 

0.02 

0.03 

0.04 | 

0.0001 

0.23 

0.22 

0-21 

0.26 

0-003 

0.02 
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Distribution of Trace Elements in Human Hair 77 

Fig. 1. Distribution of trace ele
ments as a function of hair length. 

—i 1 1 i i 

10 M X. 
Oistanw ft^ra tt* root, cm 

tO 

Table 7. Mean distribution (= SD) of trace elements in hair - comparison of natural color to gT«y (ug'g dry 
weight)1 

Sulfur (mg/g) 

Calcium 

Iron 

Nickel 

Copper 

Zinc 

Selenium 

Bromine 

Strontium 

Chromium 

Manganese 

Arsenic 

Mercury 

Lead 

Rubidium 

Male natural 
(n - 73) 

38.2 + 6.4 

501.4 = 394 

14.1 + 10.3 

0.76 = 0.76 

19.90 = 9.8 

18I.9±39.3 

0.72 = 0.32 

4.40 = 3.60 

6.40± 12.40 

1.16 = 0.66 

1.14+0.65 

0.50=061 

1.03+2.40 

12.44=15.01 

0.74*0.3 

Male gray 
(n - 73) 

36.2 = 5.8 

331.9 = 270.1 

9.4 = 2.4 

0.67 = 0.46 

16.10 = 4.5 

181.6 + 40.3 

0.60 = 0.21 

5.91=4.39 

2.78 = 2.47 

1.38x0-87 

1.35=0.68 

0.36 = 043 

0.60 = 0.22 

11.40 = 920 

0.86 ±0.36 

* Comparison of male and female populations with 
b Student's t distribution and chi-square probability. 

P 

0.16 

0.08 

0.06 

0.30 

0.09 

1.00 

0.11 

0.10 

0.16 

0.16 

0.16 

0.23 

0.27 

0.41 

0.13 

Female natural 
(n - 73) 

36.1=6.4 

1.280.8 = 1.130.5 

11.3=9.9 

1.09x1.10 

23.9=16.2 

191.4 + 43.2 

0.58 = 0.23 

2.14±i.gi 

6.50=6.10 

1.01 =0.62 

1.17=1.27 

0.38=0.80 

0.89 = 0.58 

7.25=11.80 

0.74 + 0.40 

ndividuals with gray hair. 

Female gray 
(n - 73) 

38.2 = 7.6 

1.141.3 = 730.4 

152 = 9.0 

1.45*0.83 

22.4 s 9.7 

1S9.9±24.7 

0.61=034 

1.76 = 0.9* 

8.18 = 7.70 

1.00 = 0.56 

1.43=1.58 

1.10x0.08 

1.00 ±0.42 

2.31 = 1.60 

0.96*0.51 

P> 

0.17 

0.45 

0.13 

0.16 

0.39 

0.37 

0.36 

0.26 

0.21 

0.48 

0.26 

0.14 

0.28 

0.12 

0.06 

9 
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F i a 2 Distribution of lead (upper figures) and 
. * « Sower figures) according to res.dcnce * 

strontium (lower "««"»• aswrisk ind catcS 
Greater Metropohun Ch.cago J h e a ^ n , _ 

location of R ^ h Presbytenan-St.Luke s M e o w * 

ter. 

sively high levels of hair lead, ranging in con
centrations from 60 to 680p.g/g. Some of 
these individuals were plumbing and main
tenance personnel. However, further investi
gation revealed that Grecian Formula, a lead 
acetate containing hair dye, was being used 
by some males with graying hair. A compar
ison analysis of blood lead levels between 
this group (n - 26) and a group of males with 
normal hair lead levels (n • 79) indicated the 
normal blood level to be 11 s 9, while the 
blood level in the high-lead hair group was 
1 6 * 8 with a statistical significant differ

ence of p < 0.01. While these elevated lead 
l i s may be considered subclin.ca or 
asymptomatic for lead intoxication 1181. 
S S C e been linked to nervous system 

IQ scores, behavioral disorders 119] and hs-

pertension [20] in the general population. 

Discussion 

Despite the many drawbacks, hair analy
sis has been successfully used m forensic 

t i o n of hea>7-tai poisoning and for mon
itoring levels of environmental pollutants. 
Z r d i n ^ o ^ h e U S Environmenta Protec
tion Agency 12 U hair analysis u an e f f a c e 
screening test system for toxic heavy metal 
ontamination, especially for lead arsenic, 

cadmium, and mercury. The * « ^ » * 
c,ude that hair may be a more « 
way to study a community exposure than the 
analvsis of blood or urine. 
' From t ^ results presented above, it is 
obvious that there are wide ™*?«" the 
distribution of trace metals tn ha*. This s 
due to many factors, among whicareage. 
sex race, glandular secretions, and especiaUy 
X n m e n t a l exposure, e.g.. cosmetics 
aerosols, detergents, bleaches, dyes, and 
IharTpo^- Even the essential trace elements 
S H r o n . copper, xinc and selenium 

relatively consistent 
which appear to be r e l a"v c l J

 c. -de 
throughout the hair length (fig. D. show w de 
v^atuns when analyzed as absolute value 
I t ^ e 2). Thus the composition of hauisn 
only determined by incorporation of trace 

„*l factors from the environment, as shown 
;yRyrbukhint31.McKenriet221.andAbra-

ham 123]. 
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